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This thesis reports the impact of slight 
and realistic elevation in ambient 
temperature and ozone concentration 
on leaf structure and volatile organic 
compound (VOC) emission of young 
deciduous trees grown in ecologically 
relevant field conditions. The effects 
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ABSTRACT 
 
Continuously rising temperature and tropospheric ozone (O3) concentration are 
seriously affecting northern forest trees and crop plants. Over the last 100 years, the 
global mean temperature has increased approximately 0.74 °C and the warming 
presumably further proceeds at least by 0.2–0.3 °C per decade. In boreal forests, low 
temperature is a critical factor limiting tree growth, but it is uncertain if trees can 
adapt to rapidly changing climate. Since the industrialization, ambient O3 
concentrations in the northern hemisphere have more than doubled to the current 
levels of 20–45 ppb, and O3 concentrations continue to increase at the annual rate of 
0.5–2%. Even present O3 levels are well documented to harm plants by causing 
visible leaf injuries, accelerated senescence and reduced photosynthesis leading to 
significant losses in plant growth and crop yield.  
Leaf structure is a strong indicator of environmental conditions across diverse 
environments. Thus, leaf surface, inner tissue and cell structure can reveal details 
about the plant biochemical and physiological activity and about the plant 
acclimation capacity to changing environment. O3 impacts on leaf inner tissue and 
cell structure have been intensively studied, while less is known about the impact of 
rising temperature on leaf structure. Increasing evidence indicates that plant-
emitted volatile organic compounds (VOCs) may have an important role in plant 
tolerance to changing environmental conditions under warming climate and rising 
O3 levels.  
The primary aim of this thesis was to assess the impact of slightly elevated 
temperature (0.8–1.0 °C elevation in ambient temperature) and O3 (1.3–1.4x ambient 
O3 concentration), alone and in combination, on leaf structure and VOC emission of 
European aspen (Populus tremula L.) and silver birch (Betula pendula Roth) saplings 
grown in ecologically relevant field conditions under longer-term exposure. 
Additional information about the effects of higher O3 exposure (50 and 100 ppb O3) 
on crop species, i.e. oat (Avena sativa L.) and wheat (Triticum aestivum L.), was 
explored by a chamber experiment. Leaf surface, inner tissue and cell structural 
characteristics were studied with light, scanning electron and transmission electron 
microscopes. VOCs were collected with the dynamic headspace collecting technique 
and the samples were analysed by the GC-MS. In addition to leaf structural and 
VOC analyses, parameters of plant growth, and physiological and biochemical 
activity were included in the studies to receive a versatile insight of the effects of 
elevated temperature and O3 on the plant species studied. Sensitivity of the plant 
species and cultivars within species to the stressors can considerably vary, and 
therefore two to four genotypes/cultivars in each plant species were selected for the 
studies.  
In the open-air exposure field experiment with European aspen and silver birch, 
slightly elevated temperature induced notable changes in leaf structure and VOC 
emission. Warming treatment for one to two growing seasons caused leaf 
enlargement and thinning, accompanied with thinning of epidermis, reduction in 
non-glandular trichome (leaf hairs) density and increase in chloroplastic 
plastoglobuli size in one or both species. In addition, elevated temperature 
significantly increased emissions of mono-, homo- and sesquiterpenes and 
compounds other than terpenes (green leaf volatiles and methyl salicylate (GLVs + 
MeSA)) from the aspen and birch saplings. Elevation in ambient O3 concentration 
reduced leaf size, increased palisade layer thickness and decreased GLV + MeSA 
emission. Elevated temperature reduced certain O3-induced changes in leaf 
structure (e.g. in epidermis thickness and in the amount of mitochondria), but 
overall the interactive effects of elevated temperature and O3 were relatively minor. 
In the chamber experiment with crops, photosynthetic parameters of younger 
seedlings were more detrimentally affected by high O3 concentrations compared to 
older ones. O3 significantly reduced the amount of starch and increased the number 
of mitochondria. The reduction in GLV emission was also observed at higher O3 
concentrations with crops. One oat cultivar showed substantially low amount of 
visible leaf injuries under O3 exposure, which could relate to its low stomatal 
conductance and high monoterpene production and leaf thickness, these factors 
presumably improving its O3 tolerance. Our results suggest that leaf structural 
characteristics and VOC emissions respond to slight and realistic increase in 
temperature and O3 levels, but evidently a combination of protective mechanisms, 
including VOC emissions and leaf structural changes, are involved in plant 
acclimation to gradually changing climatic conditions. 
 
Universal Decimal Classification: 504.6, 504.7, 546.214, 581.54, 581.82, 582.632.1, 
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1 Introduction 
1.1 GLOBALLY RISING TEMPERATURE 
1.1.1 Rising temperature and its effects on plant growth and vitality  
Continuously rising temperature due to increasing emissions of greenhouse gases, 
including carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), ozone (O3) and 
black carbon as an aerosol, is seriously affecting many natural ecosystems 
worldwide (IPCC, 2007). Because of human activities, especially the burning of 
fossil fuels and deforestation, the major greenhouse gas, CO2, has been emitted into 
the atmosphere in increasing amounts over the past 200 years and more 
substantially over the past 50 years (Houghton, 1997; IPCC, 2007). Since 
preindustrial times, the mean global temperature has increased approximately by 
0.74 °C and it has been predicted to further increase by 0.2–0.3 °C per decade, the 
increase being even greater at the northern latitudes (Meehl et al., 2005; IPCC, 2007). 
In Finland, the mean temperature has been projected to increase by 2–6 °C by the 
end of this century, winters getting warmer by 3–9 °C and summers by 1–5 °C. 
Accompanied with increasing temperature, precipitation in Finland will increase by 
10–40% in wintertime and by 0–20% in summertime during the next 90 years (Jylhä 
et al., 2009). Globally changing climate is also expected to increase the frequency of 
extreme weather events, such as drought, heat waves and storms (IPCC, 2007). 
Forests cover about 30% of the world´s land area and they present a large store of 
carbon, thus being particularly important in the context of climate change 
(Houghton, 1997). Together with anthropogenic greenhouse gas emissions, current 
levels of deforestation are responsible for a significant proportion of the 
atmospheric CO2 emission (IPCC, 2007). Generally, trees are well adapted to the 
average climate in which they develop and cannot quickly respond to climate 
change. Even a 1 °C change in the annual average temperature can considerably 
interfere tree productivity (Houghton, 1997). In boreal forests, however, low 
temperature is a critical factor limiting tree growth (Kellomäki et al., 1997; Veteli et 
al., 2002), and thus increased productivity in boreal zones can be expected due to 
predicted warming. Also, warming will likely affect plant populations and 
ecosystems negatively via different interactions, such as by increasing competition 
and herbivory (Kellomäki & Kolström, 1992; Veteli et al., 2002). The additive effect 
of pollution and climate stress may also cause problems, i.e. trees already weakened 
by the effects of pollution fail to cope with the impending warming (Houghton, 
1997).  
Climate warming has already lengthened the growing season in many regions, 
and the increase in temperature expected at the 21st century will apparently further 
affect the length of the active growing season and the biochemical activity of plants 
(IPCC, 2007). Warmer growth conditions can cause several structural, physiological 
and biochemical modifications in plants, potentially either enhancing growth or 
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leading to disturbed plant vitality and production, depending on the intensity of the 
temperature rise (Veteli et al., 2002; Sallas et al., 2003; Rennenberg et al., 2006; 
Wahid et al., 2007). However, many studies have focused on impacts of significantly 
elevated temperatures (usually in the range of 35–45 °C) on plant functioning (e.g. 
Haldimann & Feller, 2005; Velikova & Loreto, 2005; Darbah et al., 2010), whereas 
effects of slight or moderate temperature elevations under longer-term exposure 
have been studied to a lesser degree. High temperatures (generally at least 10–15 °C 
above the optimum) can rapidly induce cellular collapse and cell death, while under 
moderate temperatures notable cellular damage mainly occurs after long-term 
exposure (Wahid et al., 2007). Raised temperatures can interfere plant functioning 
e.g. by enhancing the production of reactive oxygen species (ROS) leading to 
oxidative stress (see Chapter 1.2.2.1 for oxidative stress), increasing the fluidity of 
membrane lipids, disturbing the protein synthesis and function, and by changing 
the activation of enzymes in chloroplasts and mitochondria (Velikova & Loreto, 
2005; Wahid et al., 2007). A well-known consequence of temperature increase is the 
imbalance between photosynthesis and respiration, i.e. the rate of photosynthesis 
decreases, while dark- and photorespiration rates increase (Sharkey, 2005; 
Rennenberg et al., 2006). 
Photosynthesis is sensitive to temperature changes, and photosynthetic 
parameters have been commonly used as indicators to assess the ability of the plant 
to acclimate to warmer growth conditions (Ben-Asher et al., 2008; Bunce, 2008; 
Pushpalatha et al., 2008). Any constraint in photosynthesis can limit plant growth, 
but particularly thylakoids and stroma in chloroplasts have been suggested as the 
principal sites of injury at increased temperatures (Schrader et al., 2004; Rennenberg 
et al., 2006; Hasanuzzaman et al., 2013). Damage to photosynthetic electron 
transport through photosystem II has been found as one of the primary effects of 
high-temperature stress (Peñuelas et al., 2005). Inhibition in photosynthesis and 
stomatal conductance, often accompanied with decreased activation of ribulose-1,5- 
bisphosphate carboxylase/oxygenase (Rubisco) or disturbed synthesis of starch and 
sucrose, have been reported in many plant species exposed to elevated temperatures 
(e.g. Higuchi et al., 1999; Haldimann & Feller, 2005; Pushpalatha et al., 2008; Salem-
Fnayou et al., 2011). However, it is not well known how small temperature elevation 
is enough to induce these changes in plants. 
1.1.2 Plant acclimation to rising temperature 
The ability of a plant to sustain leaf gas exchange under warmer conditions has a 
direct relationship with tolerance. A threshold temperature refers to a value of daily 
mean temperature at which plant defence mechanisms fail and a detectable 
reduction in growth begins (Wahid et al., 2007). Stomatal closure helps to reduce 
excess transpiration and prevent water loss, thus protecting the plant (Wahid et al., 
2007). Generally, maintaining the cellular structures and stable tissue water status 
are highly important under raised temperatures (Hasanuzzaman et al., 2013). 
Changes in gene expression, increased chlorophyll a:b ratio and decreased 
chlorophyll:carotenoids ratio, possibly involving action against oxidative stress, 
have also been reported in plants exposed to temperatures above the optimal
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(Wahid et al., 2007). However, slightly raised temperatures may not induce 
oxidative stress in the plants but photosynthetic processes can benefit from the 
temperature rise in the boreal zones. Certain leaf structural characteristics could 
improve plant tolerance and acclimation to warming climate as leaf structure may 
closely be related to the gas exchange capacity and water economy of the plant 
(Abrams et al., 1994; Higuchi et al., 1999; Bañon et al., 2004). Also, plant-emitted 
volatile organic compounds (VOCs) have been shown to protect leaves against heat 
stress (Loreto et al., 1998; Sharkey et al., 2001; Peñuelas et al., 2005), and therefore 
VOCs might ameliorate plant acclimation to milder temperature elevations as well. 
1.2 TROPOSPHERIC OZONE 
1.2.1 Formation and occurrence of tropospheric ozone 
Tropospheric O3 is a greenhouse gas and a secondary air pollutant. It is formed by 
the photochemical reactions from the primary precursors of VOCs and nitrogen 
oxides (NOx), precursors originating from human activities and natural biogenic 
sources (Chameides & Lodge, 1992; The Royal Society, 2008). Natural sources of O3 
precursors include emissions from the vegetation, soil and lightning, while 
anthropogenic VOC and NOx emissions arise mainly from energy production, 
transport, agriculture, industry, biomass burning and land use (Guenther et al., 
2000; The Royal Society, 2008). Regional O3 concentrations depend on precursor gas 
emissions within the region and also on transport of O3 and its precursors into the 
region (Akimoto, 2003; The Royal Society, 2008). In high- and mid-latitudes, two 
seasonal maxima in the annual cycle of surface O3 occur. The hemispheric spring 
maximum is partly formed from enhanced photochemical activity after wintertime 
accumulation of air pollutants and partly from stratospheric O3 flux, while the 
summer maximum is mainly observed in areas near notable pollutant sources, such 
as metropolises (Vingarzan, 2004; The Royal Society, 2008). The majority of 
tropospheric O3 is formed from the anthropogenic precursor emissions, while minor 
proportion of tropospheric O3 comes from the stratospheric influx (Ainsworth et al., 
2012). Over the polluted areas, where NOx emissions are generally high, O3 
production is mainly restricted by VOC emissions. In remote, unpolluted areas O3 
formation is usually limited by the availability of NOx (Chameides & Lodge, 1992; 
Mauzerall & Wang, 2001). 
Current O3 concentrations are considerably higher in the northern than in the 
southern hemisphere. At the global scale, O3 pollution is highest in Central and 
Mediterranean Europe, Eastern USA and South and Southeast Asia (The Royal 
Society, 2008; Ainsworth et al., 2012). Before the industrialization, the average 
annual O3 concentrations in Europe ranged approximately between 5–15 ppb, but 
since that, ambient O3 concentrations have more than doubled to the current levels 
of 20–45 ppb in the Northern Hemisphere (Vingarzan, 2004; Sitch et al., 2007). High 
O3 peaks exceeding 100 ppb are also regularly observed under hot and sunny 
weather conditions, which promote O3 formation (Vingarzan, 2004; Hjellbrekke,
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2012; Ainsworth et al., 2012). In Finland, current monthly O3 concentrations range 
approximately between 15–30 ppb (Hjellbrekke, 2012; Ilmanlaatuportaali, 2013). 
Globally, O3 concentrations have been predicted to continue to increase at the 
annual rate of 0.5–2% (Vingarzan, 2004). In the boreal zone, however, O3 
concentrations may slightly decline between 2000 and 2050 due to reduced O3 
precursor emissions and changing climatic conditions, such as increasing 
precipitation (The Royal Society, 2008; Engardt et al., 2009). 
In the near future, ambient O3 concentrations may start to decline in many 
industrial countries in North America and Europe due to amended regulations and 
legislation, while increase in O3 levels is expected in the developing world 
(Akimoto, 2003; Stevenson et al., 2006; Sitch et al., 2007). Particularly in Asia, O3 
levels are continuously rising because of rapid industrialization in the region 
(Ainsworth et al., 2012). In Europe, O3 concentrations seem to be declining at rural 
sites, while increase has been reported in the cities (Sicard et al., 2013). The 
predictions for future tropospheric O3 concentrations and distribution are primarily 
determined by the changes in the O3 precursor emissions (Vingarzan, 2004; Fuhrer, 
2009). However, even if emissions of O3 precursors reduce and ambient O3 
concentrations decline, the frequency of high pollution episodes will supposedly 
increase at the global scale due to changes in weather conditions under future 
climate. Changing climate is expected to influence future O3 levels, as the formation, 
destruction and transport of O3 are affected by climatic factors, such as temperature, 
rainfall and humidity (The Royal Society, 2008). Moreover, as a greenhouse gas, O3 
has a warming effect on the climate system, and O3 has been estimated to be 
responsible for 5–16% of the global temperature change since the industrialization 
(Ainsworth et al., 2012).  
1.2.2 Effects of ozone on plants 
1.2.2.1 Ozone exposure, uptake and injury mechanisms 
The adverse effects of tropospheric O3 on human health and vegetation were first 
identified in the 1950s in California, USA, but now O3 is recognized as the most 
important air pollutant worldwide (Ashmore, 2005; The Royal Society, 2008). 
Particularly in North America and Europe the negative O3 impacts on forest vitality 
and crop yield are well established but increasing amount of studies around the 
world are being published (Karnosky et al., 2007; Feng et al., 2008; Van Dingenen et 
al., 2009; Wittig et al., 2009). Current annual global economic losses due to reduced 
crop yields have been estimated to be approximately 11–20 billion euros, and also 
forests and other natural ecosystems are negatively affected by the present O3 levels 
(Ainsworth et al., 2012). 
O3 can be deposited onto vegetation, soil and water. Within the plant canopy, the 
leaves constitute the principal sites of O3 uptake via dry deposition (The Royal 
Society, 2008). Majority of the total O3 deposition to vegetation is non-stomatal, but 
the O3 phytotoxicity is primarily mediated by stomatal uptake (Fowler et al., 2001; 
Fares et al., 2008, Castagna & Ranieri, 2009). Impacts of O3 on vegetation generally 
occur above 40 ppb, although this is dependent on environmental conditions and 
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features of the target plant (World Health Organization, 2000; The Royal Society, 
2008). Critical levels for O3 are generally defined as concentrations above which 
direct adverse effects on plants occur. In Europe, critical O3 levels have been 
specified by using the AOT40 index (accumulated over the threshold of 40 ppb O3, 
which is the sum of hourly O3 concentrations above 40 ppb during daylight hours 
within a specified time period (usually May–July or April–September)) to describe 
the cumulative O3 exposure (Fuhrer et al., 1997; Mills et al., 2010). The critical 
AOT40 value for forest trees has been determined to be 5 ppm h, while for 
agricultural crops and natural annual plants the AOT40 value has been defined as 3 
ppm h (Mills et al., 2010). However, although the critical values based on O3 
concentration are still commonly used, several studies (e.g. Emberson et al., 2000; 
Karlsson et al., 2007; Matyssek et al., 2007) have shown that the O3 flux based 
models, describing the plant internal dose, would be more valid in O3 risk 
assessment. 
Once O3 has reached the plant surface, non-stomatal deposition occurs or O3 
diffuses through the open stomata into the leaf (Fowler et al., 2001; Mauzerall & 
Wang, 2001). O3 deposition on the leaf surface can interfere cuticular wax 
production (Shepherd & Griffiths, 2006), but non-stomatal O3 entry into the leaf has 
been suggested to have minor importance (Kangasjärvi et al., 2005; Fares et al., 
2008). Stomata, instead, play a fundamental role in determining the O3 flux into the 
leaves with possible effects on plant metabolism and physiology (Kangasjärvi et al., 
2005; Tausz et al., 2007). In Europe, plants in the Mediterranean region are at high 
risk due to higher O3 concentrations (Mills et al., 2011;  Sicard et al., 2013) but in the 
northern Europe longer summer days and cooler and more humid climate may 
promote stomatal conductance and O3 uptake (Karlsson et al., 2005; Matyssek et al., 
2007).   
Most of O3 entering the leaf through the stomata rapidly reacts with the 
apoplastic fluids, leading to formation of ROS, including hydrogen peroxide (H2O2), 
singlet oxygen (1O2), and hydroxyl (OH-) and superoxide (O2-) radicals, which can 
cause cellular damage and adversely affect plant growth and production. O3 
concentration inside the leaf during O3 exposure is close to zero due to rapid 
degradation of O3 in the apoplast (Kangasjärvi et al., 2005; Tausz et al., 2007). ROS 
production does not occur only under stress, but ROS are continuously formed in 
the chloroplasts, mitochondria, peroxisomes and apoplast as side-products of the 
normal aerobial metabolism of the cell. In optimal growth conditions, production 
and removal of ROS in the plant is strictly controlled and balanced, but under 
abiotic or biotic stress excess ROS are accumulated, potentially resulting in tissue 
damage (Apel & Hirt, 2004; Sharma et al., 2012). Generally, failure of the plant to 
control ROS accumulation via antioxidative capacity leads to oxidative stress and a 
range of metabolic changes, such as damage to lipids, proteins and nucleic acids, 
and decrease in enzyme activities and photosynthetic rates (Fuhrer & Booker, 2003; 
Sharma et al., 2012). ROS induction may serve as a general alarm signal to modify 
gene expression and plant metabolism under stress (Fuhrer & Booker, 2003; 
Kangasjärvi et al., 2005). ROS formation in the leaf apoplast following O3 exposure 
typically involves two phases: an initial phase associated with direct effects of O3
  
20 
 
and a secondary phase being related to a plant-derived secondary oxidative burst. 
The initial oxidative burst is primarily localized in the leaf apoplast, but the latter 
expands into the cytoplasm and subcellular compartments. The initial signals 
induced by O3 in the leaf apoplast might then be translated into responses at the 
tissue level, including unregulated cell death and hypersensitive response. These 
responses are mainly modulated by the plant hormones ethylene and jasmonic and 
salicylic acids, and the interactions among their signalling pathways (Kangasjärvi et 
al., 1994; Castagna & Ranieri, 2009). 
1.2.2.2 Phytotoxicity of ozone 
Ozone and formed ROS are powerful oxidants capable of damaging especially 
unsaturated lipids and proteins in the apoplast and plasma membranes (Tausz et 
al., 2007; Sharma et al., 2012). Photosynthesis is the primary physiological process by 
which plants respond to environmental changes, including O3 stress (Bassow & 
Bazzaz, 1998; Dizengremel, 2001). In the chloroplast, O3/ROS can impair the light 
and dark reactions of photosynthesis and reduce the activity or concentration of 
Rubisco (Dizengremel, 2001; Fiscus et al., 2005). Stomatal closure is a common plant 
response to O3, which might be either a direct effect of O3 on guard cells or result 
from increased mesophyll CO2 concentration due to decreased photosynthesis 
(Torsethaugen et al., 1999; Fiscus et al., 2005). In the future, the possible reduction in 
stomatal conductance due to rising O3 levels is likely to decrease the capacity of the 
vegetation to bind CO2, thus having potential to enhance the climate change (Sitch 
et al., 2007; Wittig et al., 2009).  
Ozone causes visible leaf injuries, accelerated senescence and reduced 
photosynthesis leading to significant losses in plant growth and yield (Ojanperä et 
al., 1998; Yamaji et al., 2003; Feng et al., 2008; Wittig et al., 2009). Visible symptoms 
and growth parameters are commonly used as indicators for assessing O3 injuries in 
vegetation (e.g. Yamaji et al., 2003; Häikiö et al., 2007). Unregulated or programmed 
cell death, leading to visible symptoms, usually results from acute exposure which 
overwhelms the detoxification capacity (Kangasjärvi et al., 2005; The Royal Society, 
2008). The O3 lesions, involving ethylene signalling, often occur within hours after 
exposure to high O3 concentrations (typically > 150 ppb) and preferentially locate 
between the leaf veins (Fiscus et al., 2005; Kangasjärvi et al., 2005). On broadleaved 
plants, visible symptoms typically appear as chlorotic or necrotic flecks and stipples 
on the interveinal area of the leaf upper surface (Günthardt-Goerg et al., 2000; 
Ozone injury database, 2002). 
Chronic O3 exposure, instead, causes several biochemical, physiological and 
structural alterations before visible injuries occur, although also chronic exposure 
can accelerate leaf senescence and cause visible lesions that usually develop over 
weeks under lower O3 concentrations (Kangasjärvi et al., 2005; Booker et al., 2009). 
Chronic O3 exposure commonly reduces photosynthesis associated with a decline in 
chlorophyll content or in Rubisco concentration or activation (Oksanen & Saleem, 
1999; Yamaji et al., 2003). Ozone also modifies gene expression and the primary and 
secondary carbon metabolism for the protection and repair processes at the expense 
of growth (Kangasjärvi et al., 2005; Castagna & Ranieri, 2009). In addition to leaf 
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level symptoms, O3 may cause alterations in biomass partitioning and reduce the 
carbohydrate levels especially in the roots, leading to reduced vigour of the root 
system (Oksanen & Rousi, 2001; Wittig et al., 2009). O3-caused reduction in plant 
growth and vitality can further result in enhanced susceptibility to other abiotic and 
biotic stresses, impaired reproduction capacity and changes in the composition of 
natural plant communities (Fiscus et al., 2005; Bussotti, 2008; Fuhrer, 2009).  
1.2.2.3 Ozone tolerance of plants 
Although negative O3 effects on vegetation have been reported worldwide, O3 
sensitivity between plant species, genotypes and developmental stages varies 
greatly (Fiscus et al., 2005; Wittig et al., 2007, 2009; Fuhrer, 2009). O3 effects depend 
on the intensity and duration of the exposure and on the efficiency of the plant 
defence systems (Wieser & Matyssek, 2007). Among tree species, conifers have been 
shown to be more tolerant to O3 compared to broadleaved trees, possibly because of 
their lower stomatal conductance (Wittig et al., 2007, 2009). Moreover, fast-growing 
pioneer deciduous species, such as birch and aspen, have been suggested to be 
relatively sensitive to O3 compared to climax species, such as beech and oak, 
although variation in sensitivity among the genotypes exists (Pääkkönen et al., 
1997b; Häikiö et al., 2007; The Royal Society, 2008).  
Plants have developed a series of defence mechanisms against O3 stress. O3 injury 
can mainly be avoided by closure of stomata or detoxification of O3 once it enters 
the leaf (Wieser & Matyssek, 2007). Investment in protection, however, does not 
come without the costs, i.e. stomatal closure decreases photosynthesis and 
carbohydrate utilization for production of detoxifying compounds reduces 
resources available for growth (Dizengremel, 2001; Mauzerall & Wang, 2001). Any 
environmental factor that reduces stomatal conductance and therefore O3 uptake, 
such as drought, elevated CO2 or nutrient deficiency, might be expected to lessen O3 
damage (Häikiö et al., 2007; Tausz et al., 2007; Vitale et al., 2008). Although stomatal 
conductance controls O3 uptake, mesophyll metabolism and detoxification capacity 
are supposedly more important in determining plant O3 tolerance (Dizengremel et 
al., 2008; Castagna & Ranieri, 2009). Stomatal closure may be effective in acclimation 
to acute O3 episodes, but antioxidative defence mechanisms might provide 
protection against long-term chronic exposure (Fiscus et al., 2005; Tausz et al., 2007). 
The antioxidative systems consist of ROS scavenging enzymatic (superoxide 
dismutase, ascorbate peroxidase) and non-enzymatic (ascorbate, glutathione) 
compounds and secondary metabolites (e.g. terpenes, phenolics, carotenoids, 
flavonoids) (Tausz et al., 2007; Castagna & Ranieri, 2009; Jaleel et al., 2009). Plant-
emitted VOCs, especially certain terpenes, have recently drawn attention due to 
their possible importance in O3 tolerance (Loreto & Velikova, 2001; Loreto et al., 
2004; Vickers et al., 2009), but also leaf structural characteristics presumable are 
involved in plant protection (Pääkkönen et al., 1997b; Oksanen et al., 2005).  
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1.3 SIGNIFICANCE OF LEAF STRUCTURE IN PLANT ACCLIMATION TO RISING 
TEMPERATURE AND OZONE  
 
Leaf structure is a strong indicator of availability of growth resources and success of 
plants acclimation across diverse environments (Abrams et al., 1994; Shtein et al., 
2011). Thus, leaf surface, inner tissue and cell structure can reveal details about the 
plant biochemical and physiological activity and the acclimation capacity to 
different environments. O3 impacts on leaf inner tissue and cell structure have been 
intensively studied (e.g. Pääkkönen et al., 1997b; Günthardt-Goerg et al., 2000; 
Oksanen et al., 2001b, 2005), while less is known about the impact of rising 
temperature on leaf structure. 
Leaf surface is the interface between the environment and the leaf inner 
structures, thus acting as an initial defence line against various abiotic and biotic 
stresses e.g. via function of non-glandular and glandular trichomes. Plants usually 
produce both non-glandular and glandular trichomes with different roles. Non-
glandular trichomes are simple hairs, which mainly serve as a mechanical barrier at 
the leaf surface, while glandular trichomes are secretory structures potentially 
protecting leaves against various stresses via secretion and storing of defensive 
compounds, such as terpenoids (Gutschick, 1999; Biswas et al., 2009). Glandular 
trichomes that can accumulate large quantities of terpenes and essential oils have 
been associated with insect resistance (Biswas et al., 2009). In addition to production 
of pest- and pollinator-interactive chemicals, trichomes are involved in reduction of 
heat load, prevention of water loss and filtration of UV radiation (Gutschick, 1999; 
Biswas et al., 2009). In silver birch, increased formation of glandular trichomes has 
been found to be induced by O3, spring-time frost and defoliation (Prozherina et al., 
2003; Valkama et al., 2005).  
Since stomata control the gas exchange and the water use efficiency of the plant, 
stomatal density is potentially involved in plant acclimation capacity to changing 
climate (Pääkkönen et al., 1995; Woodward & Kelly, 1995; Gutschick, 1999). O3-
induced increase in stomatal density has been reported in some previous studies 
with birch exposed to 1.2–1.7x ambient O3 concentration for two to three growing 
seasons (Pääkkönen et al., 1995, 1997a). Higher stomatal density could result in 
more even distribution of O3 within the leaf and lower O3 load per single stoma, 
thus facilitating detoxification of O3 (Pääkkönen et al., 1995, 1997a). However, in 
recent long-term experiments with O3 (1.2–2x ambient O3 for three to nine years) this 
increase in stomatal density has not been observed in aspen or birch (Maňkovská et 
al., 2005; Riikonen et al., 2008, 2010).  
The sensitivity of leaves towards O3 may be explained by the leaf morphological 
and functional traits (Bussotti, 2008). Under chronic O3 exposure, O3 injury mainly 
occurs in the mesophyll tissue, while epidermal cells can better resist O3 damage 
(Günthardt-Goerg et al., 2000). However, necrosis resulting from acute O3 stress or 
from chronic, long-term O3 exposure may occur also in epidermal cells, primarily at 
the adaxial side (Pääkkönen et al., 1997b; Giacomo et al., 2010). In deciduous trees, 
thinner leaves with high proportion of intercellular space have been related to O3
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sensitivity due to lower protection capacity and easier diffusion of O3 within the 
leaf, while thick leaves and low amount of intercellular space have been suggested 
to imply O3 tolerance (Pääkkönen et al., 1997b; Bäck et al., 1999; Oksanen et al., 
2001b). The protection capacity offered by thick leaves supposedly relates to the 
higher amount of antioxidants in the mesophyll capable of suppressing the harmful 
effects of O3/ROS (Pääkkönen et al., 1997b). Large intercellular spaces ease O3 
diffusion inside the leaves and increase the contact surface of the mesophyll cells 
with O3. Thus, the amount of cell surface able to interact with O3 apparently is one 
factor in the injury process (Pääkkönen et al., 1997b; Bäck et al., 1999).  
At the cellular level, the initial O3 effects have typically been detected in 
chloroplasts which have been perceived as the principal targets of O3/ROS (Sutinen 
et al., 1990; Anderson et al., 2003). The O3 sensitivity of palisade cells may be 
associated to their higher chloroplast number compared to other leaf tissues 
(Giacomo et al., 2010). O3 has been reported to decrease the size and/or number of 
chloroplasts and the amount of starch (Pääkkönen et al., 1997b; Oksanen et al., 
2001b; Prozherina et al., 2003), presumably indicating decreased photosynthetic 
efficiency. Reduced chloroplast size, together with increased number and/or size of 
plastoglobuli, has been considered to indicate leaf senescence in deciduous species 
(Pääkkönen et al., 1997b; Günthardt-Goerg et al., 2000; Reig-Armiñana et al., 2004).  
Increased amount of mitochondria and peroxisomes may protect plants from 
oxidative damage as these cell organelles are governed by antioxidative systems 
(e.g. catalase, the ascorbate–glutathione cycle, superoxide dismutases and the 
thioredoxin system), which effectively attenuate oxidative stress and result in 
detoxification of O3/ROS (Oksanen et al., 2004, 2005; Kivimäenpää et al., 2005; Jaleel 
et al., 2009). Thus, proliferation of mitochondria and peroxisomes could indicate 
improved detoxifying capacity under O3 stress (Oksanen et al., 2004; Kivimäenpää 
et al., 2005). In addition to antioxidative systems, increased number of mitochondria 
and peroxisomes may reflect activation of photorespiration, which eliminates excess 
reducing power produced by the photosynthetic light reactions when CO2 fixation 
is low (Raghavendra et al., 1998; Oksanen et al., 2005). Overall, the leaf and cell 
structural changes can be considered adaptive to increased O3 exposure, if they 
reduce the amount of O3/ROS reaching the photosynthetically active palisade cells, 
thus indicating avoidance of O3 diffusion and active detoxification inside the leaf.  
Also elevated temperature can induce leaf structural alterations, such as thinning 
of leaves/needles and tissues, reduced size of starch grains and/or increased number 
of plastoglobuli, as observed e.g. in Scots pine (Pinus sylvestris L.) treated with 
temperatures 2.8–6.2 °C above the ambient for three years (Luomala et al., 2005), 
cherimoya trees (Annona cherimola Mill.) exposed to 30/25 °C (day/night) 
temperatures for two months (Higuchi et al., 1999) and grapevine (Vitis vinifera L.) 
exposed to 36 °C temperature for three months (Salem-Fnayou et al., 2011). 
However, the precise significance of these temperature-caused changes in leaf 
structure and in ability of a plant to acclimate to warmer environment needs to be 
verified. Thick leaves with high density of non-glandular trichomes can protect 
plants against heat and drought (Gutschick, 1999; Aronne & De Micco, 2001; Shtein 
et al., 2011). Moderately raised temperature, in turn, may induce formation of
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thinner leaves and needles and increased proportion of intercellular space (Higuchi 
et al., 1999, Aronne & De Micco, 2001; Luomala et al., 2005), which are common 
characteristics in mesomorphic leaves (Lindorf, 1997) adapted to moderate climates 
with adequate humidity. At the cellular level, damaged chloroplastic and 
mitochondrial lipid structures and inactivation of enzymes in these cell organelles 
have been observed at higher temperatures (Zhang et al., 2005; Wahid et al., 2007).  
1.4 PLANT-EMITTED VOLATILE ORGANIC COMPOUNDS IN RELATION TO RISING 
TEMPERATURE AND OZONE  
Plants emit a considerable proportion, even 10%, of the carbon fixed by 
photosynthesis back into the atmosphere as VOCs, including terpenes and green 
leaf volatiles (GLVs) (Kesselmeier & Staudt, 1999; Peñuelas & Llusià, 2003). Most of 
the plant-VOCs are synthesized by the isoprenoid, the lipoxygenase or the shikimic 
acid pathway (Laothawornkitkul et al., 2009). Plant-derived VOC emission 
generally consists of alkanes, alkenes, carbonyls, alcohols, esters and acids, while 
CO2 and carbon monoxide (CO) are commonly excluded from the VOC emissions 
(Kesselmeier & Staudt, 1999; Peñuelas & Llusià, 2003). At the global scale, the 
production of plant VOCs greatly exceeds the emissions from the anthropogenic 
sources (Guenther et al., 2000; Peñuelas & Llusià, 2003). Total current annual global 
VOC emission from the vegetation has been estimated to be approximately 700–
1000 x 1012 g C y-1, while in future, a predicted 2–3 ºC rise in the mean global 
temperature could further increase emission by 30–45% (Peñuelas & Llusià, 2003; 
Laothawornkitkul et al., 2009). 
The variability in VOC emission from a plant is a result of complex interactions 
between the organism and its environment (Dudareva et al., 2006; 
Laothawornkitkul et al., 2009). VOC emission from vegetation depends on climatic 
conditions as well as on plant species, genotype and the developmental stage of the 
plant, but large variation in emission rates also exists at different time scales, 
including diurnal and seasonal fluctuations (Kesselmeier & Staudt, 1999; Guenther 
et al., 2000; Niinemets et al., 2010). VOCs are released from the above- and below-
ground plant organs into the surrounding air and soil. Flowers and fruits release the 
widest variety of VOCs, but highest emission rates are emitted from the leaves 
(Dudareva et al., 2006; Laothawornkitkul et al., 2009). Some VOCs are constitutively 
emitted, while inducible compounds are synthesized de novo by damaged plants, 
therefore being more economical for the plant (Holopainen, 2004). 
VOCs were first suggested to form as by-products of normal plant processes and 
being emitted to the atmosphere with no apparent function (Kesselmeier & Staudt, 
1999; Peñuelas & Llusià, 2004). However, several studies have shown that VOC 
production is not only a carbon and energy loss but plants gain benefits from their 
synthesis (Laothawornkitkul et al., 2009; Peñuelas & Staudt, 2010). From the 
ecological point of view, plant-derived VOCs are involved in plant growth, 
development, reproduction and communication within and between plants and
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between plants and insects. They have also suggested having a significant role in 
plant defence against several abiotic and biotic stresses (Dudareva et al., 2006; 
Holopainen & Gershenzon, 2010). Some VOCs possess antimicrobial, antifungal or 
allelopathic activities, i.e. they limit seed germination and growth of other plant 
species nearby (Dudareva et al., 2006; Laothawornkitkul et al., 2009). Moreover, 
many VOCs are highly reactive and participate in aerial chemistry processes, such 
as formation of O3 and secondary organic aerosols, thus significantly influencing the 
chemical composition and physical characteristics of the atmosphere (Atkinson & 
Arey, 2003; VanReken et al., 2006; Virtanen et al., 2010). 
1.4.1 Terpenes 
Terpenes are the major VOC group emitted by several plant species (McGarvey & 
Croteau, 1995). All terpenes are synthesized from two common C5 precursors, the 
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) 
(Nagegowda, 2010). According to the number of C5 units, terpenes can be 
subdivided into hemiterpenes (C5, e.g. isoprene), monoterpenes (C10, e.g. α-pinene), 
sesquiterpenes (C15, e.g. β-caryophyllene), diterpenes (C20, e.g. gibberellins), 
triterpenes (C30, e.g. sterols), tetraterpenes (C40, e.g. carotenoids), and prenols and 
polyterpenes (> C45, e.g. plastochinone). Most terpenes are cyclic, lipophilic 
compounds, and the various classes are formed by synthase enzymes (McGarvey & 
Croteau, 1995; Kesselmeier & Staudt, 1999). IPP can be produced by the plastidial 
non-mevalonate 2-C-methyl-D-erythritol 4-phosphate (MEP) or the cytosolic 
mevalonate (MVA) pathway (Lichtenthaler, 1999; Nagegowda, 2010). Via the MVA 
pathway, IPP is formed from acetyl-CoA, while the MEP pathway provides IPP and 
DMAPP from pyruvate and glyceraldehyde-3-phosphate. Addition of another IPP 
unit to DMAPP leads to formation of geranyl diphosphate (GPP, C10), which is the 
starting unit for monoterpenes as well as the origin for a further addition of IPP 
units to produce sesqui- and diterpenes. The intermediates may self-condense to the 
C30 and C40 precursors of sterols and carotenoids or be utilized for production of 
other compounds (Kesselmeier & Staudt, 1999; Nagegowda, 2010). Generally, the 
MEP pathway provides IPP and DMAPP for hemi- and monoterpene biosynthesis, 
while the MVA pathway provides the C5 units for homo- and sesquiterpene 
formation (Arimura et al., 2009; Loreto & Schnitzler, 2010; Nagegowda, 2010). 
However, some metabolic crosstalk between these two biosynthetic routes may 
occur particularly in the direction from the chloroplasts to the cytosol (Loreto & 
Schnitzler, 2010). In some plant families, massive amounts of terpenes can be stored 
in internal and external structures, such as the resin ducts and the glandular 
trichomes (Kesselmeier & Staudt, 1999).  
1.4.1.1 Isoprene  
Isoprene (2-methyl-1,3-butadiene) is the simplest terpene and classified as 
hemiterpene (C5). Isoprene is synthesized in the chloroplasts via the MEP pathway 
(Kesselmeier & Staudt, 1999; Nagegowda, 2010). Isoprene synthase, a chloroplastic 
enzyme producing isoprene, is regarded to be active only in mature chloroplasts 
(Kesselmeier & Staudt, 1999; Sharkey et al., 2008). Isoprene is not stored in plants
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after its production, but is rapidly emitted into the surrounding air in a light- and 
temperature-dependent manner (Sharkey & Yeh, 2001). Isoprene has been 
suggested to protect plants against elevated temperature (Sharkey et al., 2001; 
Peñuelas et al., 2005; Velikova & Loreto, 2005) and O3 (Loreto et al., 2001; Loreto & 
Velikova, 2001; Vickers et al., 2009) possibly by stabilizing thylakoid membranes of 
the chloroplasts or by acting as antioxidant, thus reducing oxidative stress in the 
leaves.  
1.4.1.2 Mono-, homo- and sesquiterpenes 
Monoterpenes (C10) are known as defence compounds against pathogens and 
herbivore insects (Paré & Tumlinson, 1999; Holopainen, 2004). Several studies have 
suggested that monoterpenes might have a similar function as isoprene in plant 
protection against elevated temperature and O3 (Loreto et al., 1998, 2004; Copolovici 
et al., 2005). The production of monoterpenes takes place within the chloroplasts via 
the MEP pathway. Compounds are synthesized by different monoterpene 
synthases, which can produce multiple products by a single enzyme (Kesselmeier & 
Staudt, 1999; Nagegowda, 2010). In some plant species, monoterpenes can be stored 
in resin ducts and glandular trichomes, while non-storing species synthesize and 
emit these compounds in a temperature-dependent way (Kesselmeier & Staudt, 
1999; Fuentes et al., 2000).  
The C11 homoterpene (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) and its higher 
homologue C16 (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene (TMTT) originate from 
oxidative degradation of nerolidol and geranyl linalool via the cytosolic MVA 
pathway, compounds thus being of sesqui- and diterpene origin (Boland et al., 1998; 
Tholl et al., 2011). Homoterpenes DMNT and TMTT are among the most typical 
compounds emitted after herbivore feeding, and are involved in tritrophic 
interactions between plants, herbivore insects and natural enemies of the herbivores 
(Holopainen, 2004; Vuorinen et al., 2004a,b; Tholl et al., 2011). Abiotic factors (e.g. 
O3, CO2) have been shown to have no or minor effect on plant homoterpene 
emission (Vuorinen et al., 2004a,b; Blande et al., 2007).  
Sesquiterpenes (C15) are the most diverse group of terpenes. They are mainly 
emitted from flowers, but considerable quantities can also be released from the 
foliage particularly after herbivory (Holopainen, 2004). Sesquiterpenes are 
synthesized in the cytosol and the cytosolic endoplasmic reticulum via the MVA 
pathway (Nagegowda, 2010). Emission generally displays seasonal and diurnal 
variation, but is also dependent on the plant species and the phenological state of 
the plant (Hakola et al., 2006; Holzke et al., 2006; Duhl et al., 2008). Sesquiterpene 
emission correlates with temperature, but some compounds may also be affected by 
light (Duhl et al., 2008). Compounds are not generally released in large amounts 
constitutively, but their biosynthesis and emission can be significantly enhanced by 
biotic stress (Loreto & Schnitzler, 2010). Many sesquiterpenes are involved in plant-
plant, plant-insect and plant-fungal interactions, serve as phytoalexins and 
phytotoxins, and, together with monoterpenes, are an important constituent of plant 
essential oils (Humphrey & Beale, 2006; Duhl et al., 2008; Biswas et al., 2009). 
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1.4.2 Compounds other than terpenes (GLVs + MeSA) 
In addition to terpenes, plants emit several other volatiles, including the compounds 
derived from the lipoxygenase (LOX) pathway via breakdown of fatty acids, 
commonly known as green leaf volatiles (GLVs) (Holopainen, 2004). GLVs are C6 
aldehydes, alcohols and their esters synthesized mainly from linolenic and linoleic 
acids, which are common components in membrane structures, including the 
thylakoids (Murphy, 1993; Matsui, 2006). LOX catalyses the oxygenation of linolenic 
acid to form linolenic acid 13-hydroperoxide (13HPOT), which is further 
metabolized to other compounds, such as (Z)-3-hexenal and (E)-2-hexenal. When 
linoleic acid is the starting compound, n-hexanal is formed. C6-aldehydes can be 
further metabolized e.g. by alcohol dehydrogenase to form the corresponding 
alcohol, e.g. (Z)-3-hexen-1-ol (Matsui, 2006; Arimura et al., 2009). 
Most GLVs are not specific to any plant taxon, but are released from different 
plant species and genotypes, the amount of these compounds in intact and healthy 
plant tissues generally being low. However, GLV synthesis and emission is rapidly 
triggered when tissues are disrupted after mechanical tissue damage, herbivory or 
pathogen infection (Holopainen, 2004; Shiojiri et al., 2006; Davison et al., 2008). 
Although GLVs are mainly released from damaged leaves, some compounds can be 
emitted also from intact leaves of damaged plants possibly in order to function as 
alarm signals to attract the natural enemies of herbivore insects and to activate 
protective cascades within the damaged plant or in the neighboring plants 
(Holopainen, 2004; Matsui, 2006; Arimura et al., 2009). Certain compounds have 
antibacterial and -fungal activities, thus inhibiting the invasion of the pathogens into 
the damaged tissue (Matsui, 2006; Loreto & Schnitzler, 2010). Also abiotic stresses, 
including elevated temperature and O3, can influence GLV emission usually by 
increasing it (Heiden et al., 1999; Loreto et al., 2006). Methyl salicylate (MeSA), in 
turn, is the volatile counterpart of salicylic acid and it is involved in the induction of 
defence responses against a broad range of pathogens and insects 
(Laothawornkitkul et al., 2009).  
1.5 OBJECTIVES OF THE RESEARCH AND OVERVIEW OF THE EXPERIMENTS  
1.5.1 Objectives of the thesis 
Numerous studies concerning the impacts of relatively high temperatures and O3 
concentrations on plant VOC emission have been conducted (e.g. Loreto & 
Velikova, 2001; Loreto et al., 2006), while the effects of only slight elevations in 
ambient temperature and O3 levels in field conditions are substantially rarely 
studied. Aspen is known to emit high amounts of isoprene (Hakola et al., 1998; 
Calfapietra et al., 2008), while silver birch is capable of emitting an array of mono- 
and sesquiterpenes (Vuorinen et al., 2005; Ibrahim et al., 2010). Less is known about 
the terpene emissions of oat and wheat. Also, the importance of GLVs and MeSA in
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the process of plant protection against rising temperature and O3 is not well 
understood. Thus, serious gaps of knowledge still exist in the concept of VOCs and 
plant defence. 
O3 impacts on leaf tissue and cell structure have been widely reported (e.g. 
Pääkkönen et al., 1997b; Oksanen et al., 2005), but sparse knowledge about the 
impacts of slightly elevated temperature on leaf surface, inner tissue or cell 
structural characteristics is available. Even less is known about the interactive effects 
of elevated O3 and temperature on plant VOC emission or leaf structure.  
The primary aim of this thesis was to assess the impact of slightly elevated 
temperature and O3, alone and in combination, on VOC emission and leaf structure 
of two common boreal deciduous tree species, silver birch and European aspen, 
grown in ecologically relevant field conditions under longer-term exposure. Open-
air exposure systems are highly necessary to better understand O3 and temperature 
effects on natural forest ecosystems. The internationally acknowledged open-air O3 
exposure area located in the boreal zone (Kuopio, eastern Finland) has been 
exploited since 1992. From 2007 onward, both O3 and temperature elevations have 
been in use. For this thesis, to preliminarily study the possible relationship between 
VOC emission and leaf structure, the effects of somewhat higher O3 exposure was 
explored with crops, i.e. oat and wheat, by a chamber experiment. In the chamber 
experiment, in addition to VOC emission and leaf structural analyses, several other 
plant growth, physiological and biochemical parameters were assessed in order to 
receive the overall insight of the O3 effects on these crop species. Then the research 
was expanded to the relevant field experiments with deciduous trees and to the 
addition of temperature treatment to reveal more realistic responses expected under 
future climate.  
Silver birch (Betula pendula Roth) and European aspen (Populus tremula L.) are 
considered to be relatively sensitive to O3, but differences between the genotypes 
exists (Pääkkönen et al., 1997b; Oksanen et al., 2001a; Yamaji et al., 2003; Häikiö et 
al., 2007). Wheat (Triticum aestivum L.), globally the most important crop species, has 
been regarded as an O3 sensitive cereal (Curtis, 2002; Selldén & Pleijel, 1995; Mills et 
al., 2007; Avnery et al., 2011), while oat (Avena sativa L.) has not been intensively 
studied due to its lesser economic importance as a food crop. Sensitivity of plant 
species and genotypes within species particularly to O3 is known to vary 
(Pääkkönen et al., 1997b; Häikiö et al., 2007; The Royal Society, 2008). Therefore, 
both trees and crops and different genotypes/cultivars in each plant species were 
included in the studies. Impact of rising temperature on the selected plant species 
and cultivars/genotypes is under-investigated. 
 
The following research questions were addressed to be answered: 
 
1) Have slightly elevated temperature and O3, alone or in combination, the 
capability for affecting VOC emission and leaf structure of the studied plant 
species? 
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2) Are there differences in sensitivity to elevated temperature and/or O3 between the 
studied plant species and cultivars/genotypes within species? 
3) Is there a connection between changes in VOC emission and leaf structure? 
4) Do VOC emissions or certain leaf structural characteristics relate to the possible 
sensitivity or tolerance of the studied plant species or genotypes/cultivars within 
species to the stresses?  
1.5.2 Overview of the experiments  
This thesis includes four chapters related to three experiments, two of which were 
conducted in an open-air exposure field with slightly elevated temperature and O3, 
and one experiment carried out in growth chambers with higher O3 exposure. 
Summary of the experiments and the methods related to each chapter as well as 
hypotheses presented in the original publications are shown in Table 1.  
In the first experiment (Chapter 2), two oat (Avena sativa, cultivars Aarre and 
Fiia) and two wheat (Triticum aestivum, cultivars Anniina and Manu) cultivars 
grown in pots were exposed to 0, 50 or 100 ppb O3 concentration in computer 
controlled growth chambers (Department of Environmental Science, University of 
Eastern Finland, Kuopio campus, Finland) for five weeks. Measurements on VOC 
emission, growth parameters, visible leaf injuries, gas exchange, concentrations of 
Rubisco and photosynthetic pigments, as well as analysis of leaf inner tissue and cell 
structure were conducted with two- and four-week-old seedlings. The main 
purpose of this experiment was to assess the significance of VOC emission and leaf 
structural characteristics in plant O3 tolerance. The growth, biochemical and 
physiological responses were studied to perceive the overall picture of O3 impacts 
on crops. In addition, the possible differences in O3 tolerance between wheat and oat 
and two cultivars within species were assessed. 
The second experiment (Chapter 3), carried out in an open-field experimental 
area at the University of Eastern Finland (Kuopio campus) in central Finland, was 
conducted to study the impact of slightly elevated temperature and O3, alone and in 
combination, on leaf structure and VOC emission of European aspen (Populus 
tremula). Partially soil submerged, potted saplings of two European aspen 
genotypes (2.2 and 5.2) were exposed to slightly elevated temperature (ambient 
temperature + 1 °C) and O3 (1.3x ambient O3 concentration) over one growing 
season (2007). In the field experiments, the treatments were targeted to ambient air 
temperature + 2 °C and 1.5x ambient air O3 concentration, which simulate 
moderated elevation expected in near future in the boreal zone. Due to challenging 
environmental and technical circumstances in the field conditions somewhat lower 
levels of exposure were obtained. The experimental area consisted of four elevated 
O3 plots and four ambient O3 plots serving as controls. Each plot was divided into 
infra-red (IR) heated and ambient temperature subplots. The saplings were 
randomly distributed into the subplots. In the field, VOCs were non-destructively 
collected from the aspen saplings once during the growing season. From the same 
saplings, leaf inner tissue structural characteristics were analysed by the light
  
30                                                                                                                                                                                
                                                                                                                                                                                 
 
microscope. In addition, measurements on net photosynthesis and stomatal 
conductance, leaf area and number, stem height and diameter growth, biomass, leaf 
fall rate and nitrogen content from aspen genotype 5.2 were conducted (Mäenpää et 
al., 2011).  
In the third experiment (Chapters 4 and 5), four silver birch (Betula pendula) 
genotypes (12, 14, 15 and 25) were exposed to elevated temperature and O3 over two 
growing seasons (2007 and 2008) at the same experimental area as described in the 
previous experiment. The O3 exposure and temperature data during the growing 
seasons is summarized in table 2. During the first growing season, VOCs (Chapter 
4) were non-destructively collected once from two birch genotypes (12 and 15). 
During the second growing season, the experiment was expanded to cover all four 
genotypes and three different sampling points along the growing season. In 
addition to VOC emission analysis, measurements of net photosynthesis, stomatal 
conductance and expression of certain genes regulating VOC synthesis (i.e. 1-deoxy-
D-xylulose 5-phosphate synthase (DXS), 1-deoxy-D-xylulose 5-phosphate 
reductoisomerase (DXR) and isopentenyl diphosphate (IPP) isomerase) were 
included in the study. The aim of this experiment was to study the impact of 
elevated temperature and O3, alone and in combination, on VOC emission of silver 
birch. The significance of photosynthesis, stomatal conductance and expression of 
the selected VOC synthesis related genes on VOC emission regulation were 
assessed. Also, the variation in VOC emission between the genotypes and at 
different sampling points was defined. 
Birch saplings exposed to elevated temperature and/or O3 over two growing 
seasons (2007 and 2008) in the third experiment were sampled for leaf surface, inner 
tissue and cell structural analyses (Chapter 5). Two genotypes (12 and 15) were 
sampled during the first growing season, and all four genotypes during the second 
growing season. Leaf inner tissue structures were studied with the light microscope, 
surface structure with the scanning electron microscope, and mesophyll cell 
structure with the transmission electron microscope. The primary aim of this 
experiment was to assess if certain leaf structural characteristics could indicate 
acclimation potential to rising temperature or O3 levels. At the first growing season, 
birch genotype 12 was also measured for net photosynthesis and stomatal 
conductance, leaf area and number, stem height and diameter growth, leaf fall rate 
and nitrogen content (Mäenpää et al., 2011). This genotype was also measured for 
total antioxidant capacity during both growing seasons (Riikonen et al., 2009). After 
the second growing season, all four birch genotypes were measured for above- and 
below-ground biomass accumulation, stem growth, and soil respiration. Carbon 
allocation measurements were conducted from genotype 15 by a 13C-labelling 
experiment (Kasurinen et al., 2012).  
In the experiments involving VOC collections (Chapters 2–4), VOCs were 
collected by the dynamic headspace collecting technique with polyethylene 
terephthalate (PET) cooking bags (Stewart-Jones & Poppy, 2006). In the chamber 
experiment, VOC collections were conducted in VOC laboratory using a specially 
constructed line collection system, while in the field experiments, VOCs were
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collected in the field using special VOC collection toolboxes designed for field work. 
The top of the saplings (Chapters 3 and 4) or the pot with seedlings (Chapter 2) was 
enclosed in a pre-cleaned cooking bag (PET), into where tubings for purified 
replacement air and for VOC collection were connected. The VOC sample collected 
from the airspace of the shoot tip (with deciduous trees) or of the potted seedlings 
(with crops) was pulled through a purified stainless steel tube (filled with 150 mg 
Tenax TA (for crops and silver birch) or 100 mg Tenax TA and 100 mg Carbopack 
(for aspen) adsorbents) with a vacuum pump. From crops, VOCs were collected for 
1 h (volume of the air sample 12.6 l), and from aspen and silver birch for 30 min 
(volume of the air sample 6.0 l). VOCs were analysed by the GC-MS and terpenes 
and compounds other than terpenes (GLVs and MeSA) were detected from the 
emissions. With crops, VOC emissions were expressed as ng g-1 (DW) h-1, while with 
the deciduous trees, the results were presented as ng cm-2 h-1. 
For light (Chapters 2, 3 and 5) and transmission electron (Chapters 2 and 5) 
microscopy, leaf samples were fixed with glutaraldehyde and OsO4, dehydrated 
with ethanol series and propylene oxide, and embedded in epon. For light 
microscopy, 1 µm sections were cut with an ultramicrotome and stained with 
toluidine blue. The inner tissue structures of the leaf samples were studied with a 
light microscope. For transmission electron microscopy, thin (50–70 nm) sections 
were cut and stained with uranyl acetate and lead citrate. Mesophyll cells were 
studied with a transmission electron microscope. For leaf surface studies (Chapter 
5), air-dried samples were coated with gold-palladium. The leaf surface 
characteristics were studied with a scanning electron microscope. Microscopic 
samples were digitally photographed and the digital images were analysed with the 
standard measurement tools of the ImageJ-programme.  
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Table 2. Average O3 concentrations (14 h day-1) and AOT40 (accumulated over a threshold of 40 ppb) values in ambient 
and elevated O3 plots, and average air temperatures (24 h day-1) in ambient and elevated temperature subplots in 2007 and 
2008. Year 2007 data are calculated between June and October, and year 2008 data between May and September. Values 
are means or means ± SD (n = 4 for O3 plot data and n = 8 for temperature subplot data). Data is published by Kasurinen 
et al. (2012).   
 
 O3 (ppb)  AOT40 (ppm h)  Air temperature (°C) 
 Ambient O3 Elevated O3  Ambient 
O3 
Elevated 
O3 
 Ambient 
temperature 
Elevated 
temperature 
2007         
June 27.1 ± 0.9 36.9 ± 1.1  0.04 1.8  15.6 ± 0.7 16.7 ± 0.8 
July 23.7 ± 0.7 28.7 ± 2.5  0.04 2.7  17.5 ± 0.4 18.6 ± 0.4 
August 26.2 ± 0.8 32.3 ± 3.3  0.13 4.3  17.1 ± 0.4 18.0 ± 0.3 
September 19.4 ± 0.4 21.3 ± 1.2  0.14 4.5  9.7 ± 0.2 10.3 ± 0.2 
October 20.4 ± 0.6 21.1 ± 1.0  0.14 4.9  6.0 ± 0.2 6.5 ± 0.8 
Whole season 23.4 ± 0.7 28.1 ± 1.8  0.14 4.9  13.2 ± 0.4 14.0 ± 0.5 
2008         
May 35.0 ± 0.2 45.3 ± 1.9  1.0 4.6  10.5 ± 1.8 11.3 ± 1.9 
June 28.8 ± 0.2 41.5 ± 1.1  1.5 8.3  14.3 ± 0.2 15.3 ± 0.3 
July 20.5 ± 0.5 27.2 ± 0.6  1.6 8.8  16.3 ± 0.3 17.3 ± 0.4 
August 17.5 ± 0.4 23.1 ± 0.7  1.6 8.9  14.0 ± 0.3 14.7 ± 0.3 
September 17.2 ± 0.4 22.8 ± 0.9  1.6 9.0  8.2 ± 0.4 8.9 ± 0.4 
Whole season 23.8 ± 0.3 32.0 ± 1.0  1.6 9.0  12.7 ± 0.6 13.5 ± 0.7 
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Significance of leaf structure and emission of
volatile organic compounds in ozone tolerance of
oat and wheat
Kaisa Hartikainen, Minna Kivimäenpää, Anne-Marja Nerg, and Toini Holopainen
Abstract: To study the possible differences in tropospheric ozone (O3) tolerance of oat (Avena sativa L.) and wheat (Triti-
cum aestivum L.), two oat and two wheat cultivars were exposed to 0, 50, or 100 nL·L–1 O3 concentrations in growth cham-
bers. Measurements on volatile organic counpound emission and physiological, biochemical, and leaf structural
characteristics were conducted with 2- and 4-week-old seedlings. Neither of the studied species was particularly O3 sensi-
tive, but O3 sensitivity should rather be defined on the basis of the characteristics of the cultivars within species. Visible
leaf injuries increased with leaf age and with increasing O3 concentration. Net photosynthesis (Pn), stomatal conductance
(gs), and chlorophyll fluorescence (Fv/Fm) of 2-week-old seedlings were more detrimentally affected by O3 compared with
older seedlings. Wheat generally invested more in photosynthesis and related processes, such as gs, Fv/Fm, concentrations of
Rubisco, chlorophylls and carotenoids, and synthesis of starch compared with oat. O3 increased Rubisco concentration in 2-
week-old and carotenoid concentration in 4-week-old seedlings, especially in wheat. Lower extent of O3-caused visible leaf
injuries in the other oat cultivar can supposedly be explained by its low stomatal conductance and high monoterpene pro-
duction.
Key words: leaf structure, oat (Avena sativa), O3 tolerance, photosynthesis, volatile organic compounds (VOCs), wheat (Tri-
ticum aestivum).
Résumé : Afin d’étudier les différences possibles de la tolérance à l’O3 de l’avoine (Avena sativa L.) et du blé (Triticum
aestivum L.), l’auteur a exposé deux cultivars de chacune des espèces à des concentrations de 0, 50 or 100 nL·L–1 O3 en
chambre de culture. Après deux et quatre semaines de croissance des plantules, il a effectué des mesures portant sur l’émis-
sion composés organiques volatiles et les caractéristiques physiologiques, biochimiques et des structures foliaires. Ni l’une
ni l’autre des espèces étudiées n’a montré de sensibilité particulière à l’O3, mais on doit plutôt définir la sensibilité sur la
base des caractéristiques des cultivars entre les espèces. Les blessures foliaires visibles augmentent avec l’âge des feuilles et
avec l’augmentation de la concentration en O3. On observe des effets néfastes de l’O3 sur la photosynthèse nette (Pn), la
conductance stomacale (gs), et la fluorescence de la chlorophylle, plus importants chez les plantules âgées 2 semaines que
chez les plantules plus âgées. Le blé investit plus en général dans la photosynthèse et processus reliés, tel que les gs, Fv/Fm,
teneurs en Rubisco, en chlorophylle et caroténoïdes et synthèse de l’amidon, comparativement à l’avoine. L’O3 augmente la
teneur en Rubisco chez les plantules de 2 semaines et la teneur en caroténoïdes chez les plantules de 4 semaines, surtout
chez le blé. On peut possiblement expliquer la moindre importance des blessures foliaires causées par l’O3 chez l’autre culti-
var d’avoine par sa faible conductance stomatale et sa forte production de monoterpènes.
Mots‐clés : structure foliaire, avoine (Avena sativa), tolérance à l’O3, photosynthèse, composés organiques volatiles (VOCs),
blé (Triticum aestivum).
[Traduit par la Rédaction]
Introduction
Tropospheric ozone (O3), a secondary air pollutant pro-
duced by a series of photochemical reactions from primary
precursor emissions of nitrogen oxides (NOx) and volatile or-
ganic compounds (VOCs), is well documented as the most
damaging air pollutant to agricultural crops and various other
plant species (Mauzerall and Wang 2001; Ashmore 2005).
Since preindustrial times O3 concentrations in the Northern
Hemisphere have more than doubled to the current ambient
levels of 20–45 nL·L–1 with regular acute O3 peaks exceeding
120 nL·L–1 (Vingarzan 2004; Hjellbrekke 2010). Even
present O3 levels at the northern latitudes are high enough to
adversely affect plant growth and crop yield, but due to rising
emissions of O3 precursors, O3 concentration continues to
further increase at the annual rate of 0.5%–2%, potentially re-
sulting in more severe impacts on vegetation (Vingarzan
2004; The Royal Society 2008; Van Dingenen et al. 2009).
After entering the leaf through the stomata, O3 is rapidly
degraded and reactive oxygen species (ROS) are formed and
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accumulated in the apoplast (Fiscus et al. 2005; Tausz et al.
2007). Failure of the plant to control ROS production leads
to oxidative stress, which may have detrimental effects on
plant function and vitality (Fuhrer and Booker 2003; Kangas-
järvi et al. 2005). Visible symptoms and changes in processes
associated with photosynthetic activity of the plant have been
commonly used as indicators when monitoring the disadvan-
tageous effects of O3. O3-caused visible leaf injuries, acceler-
ated senescence and reductions in photosynthesis, stomatal
conductance, and concentrations of Rubisco and chloro-
phylls, leading to reduced growth and crop yield have been
reported in many plant species, including wheat (Triticum
aestivum L.) (Ojanperä et al. 1992, 1998; Meyer et al. 2000;
Hassan 2004).
Although negative O3 effects on vegetation have been re-
ported worldwide, O3 sensitivity between plant species, culti-
vars, and developmental stages of plants can vary greatly
(Mauzerall and Wang 2001; Fiscus et al. 2005). In general,
plant responses to O3 stress depend on several morphologi-
cal, biochemical, and physiological characteristics. Plants
may protect themselves against O3 through thick cuticles, clo-
sure of stomata, and detoxification of O3 once it enters the
leaf (Mauzerall and Wang 2001; Kangasjärvi et al. 2005).
The complex mechanisms comprising O3 defense are not pro-
foundly understood, but several studies have indicated that
certain characteristics in leaf anatomy and ultrastructure may
significantly contribute to O3 tolerance of plants (Pääkkönen
et al. 1998; Oksanen et al. 2005). Some of the O3-caused al-
terations (e.g., formation of thinner leaves, high amount of
intercellular space, and disruption in chloroplasts) could refer
to O3 symptoms and O3 sensitivity, while others (e.g., devel-
opment of thicker leaves, low proportion of intercellular
space, and increased number of mitochondria and peroxi-
somes) are possible signs of activated defense (Pääkkönen et
al. 1997a; Prozherina et al. 2003; Oksanen et al. 2005).
These presumable protective mechanisms may enhance anti-
oxidative capacity and reduce the amount of O3/ROS reach-
ing the photosynthetically active mesophyll cells, thus
indicating improved O3 tolerance (Pääkkönen et al. 1997a;
Oksanen et al. 2004).
Plants can emit a considerable proportion of the carbon
fixed by photosynthesis back into the atmosphere as VOCs,
including isoprene and mono- and sesquiterpenes produced
via the isoprenoid pathways and a number of compounds de-
rived from the lipoxygenase (LOX)-route (green leaf vola-
tiles, GLVs) (Kesselmeier and Staudt 1999;
Laothawornkitkul et al. 2009). VOCs are involved in plant
growth, development, reproduction, and communication
within and between plants, but they might also have a signif-
icant protective role against various abiotic and biotic stresses
(Laothawornkitkul et al. 2009). Isoprene and monoterpenes,
in particular, have been shown to provide protection against
O3 by reducing oxidative stress in the leaves (Loreto and Ve-
likova 2001; Loreto et al. 2004; Vickers et al. 2009). GLVs
are mainly released from damaged plant parts after mechani-
cal tissue damage and herbivory (Holopainen 2004; Matsui
2006), but O3 has been reported to induce their emission as
well (Heiden et al. 1999; Vitale et al. 2008).
The aim of this study was to investigate the possible differ-
ences in O3 tolerance of oat (Avena sativa L.) and wheat, and
two cultivars within each species. Seed germination, stem
growth rate, visible leaf injuries, and processes related to
photosynthetic activity of the plants were used as indicators
of the detrimental O3 effects, while leaf structural character-
istics and VOC emissions were studied to get insight of the
plant tolerance mechanisms. Wheat, the most important crop
species in the world (Curtis 2002), has long been regarded as
one of the most O3 sensitive cereals (Selldén and Pleijel
1995; Mills et al. 2007), but variation in O3 sensitivity be-
tween cultivars exists (Pleijel et al. 2006; Biswas et al.
2008). Oat has not been considered as a particularly O3 sen-
sitive plant species (Selldén and Pleijel 1995), but due to its
lesser value as a food crop, it has not been intensively
studied. Moreover, according to previous results, oat might
emit more VOCs, especially monoterpenes, than low-emitting
wheat (Winer et al. 1992; Lamb et al. 1993; König et al.
1995). The hypotheses of this study were the following: (i)
wheat exhibits significantly more negative O3 responses than
oat; (ii) differences in O3 responses between the cultivars
within plant species exist; (iii) certain leaf structural charac-
teristics, such as development of thick leaves and low propor-
tion of intercellular space, are associated with O3 tolerance;
and (iv) plant-emitted VOCs, especially monoterpenes, im-
prove O3 tolerance of the studied crop species.
Materials and methods
Plant material and growth conditions
Seeds of two oat cultivars, 'Aarre' and 'Fiia', and two wheat
cultivars, 'Anniina' and 'Manu' (Boreal Ltd., Jokioinen, Fin-
land), were sown (45 pots per cultivar, 20 seeds per pot) in
0.5 L plastic pots (diameter = 12 cm) in a mixture of field
soil (from Siilinjärvi, Finland) and garden soil (Kekkilä, Van-
taa, Finland) (3:1 v/v), fertilized with Puutarhan NK1-fertilizer
(Yara, Helsinki, Finland) (0.1 g 0.5·L–1 growth medium). Pots
(15 pots per cultivar per treatment) were randomly placed in
three computer controlled growth chambers (Bioklim 2600T,
Kryo-Service Oy, Helsinki, Finland; Department of Environ-
mental Science, University of Eastern Finland, Kuopio, Fin-
land) at 19 °C day : 12 °C night, 50%–80% RH, 22 h light :
2 h dark photoperiod, CO2 concentration of 420 µmol·mol–1,
and 250 µmol·m–2·s–1 PAR simulating the growth conditions
of June in central Finland. Seedlings were fumigated with 0,
50, or 100 nL·L–1 O3 concentration 8 h·d–1 (from 0830 to
1630) for 3 (first sampling) or 5 (second sampling) weeks.
Separate seedlings (five pots per cultivar per treatment per
sampling point) were sampled in each sampling point, time
interval of the sampling points being 14 days. O3 was gener-
ated from pure oxygen with a Fisher OZ 500 ozone generator
(Fisher, Bonn, Germany) and O3 concentrations were continu-
ously monitored with an O3 analyzer (O3 42 mol/L UV Pho-
tometric, Environnement S.A.). Pots were covered with a
plastic sheet to prevent excess drying of the soil, and the sheet
was removed when the first seeds started to germinate, which
happened 4 days after sowing. Seedlings were watered daily
with tap water and fertilized once a week with 0.1% Taimi-
Superex-9 (Kekkilä, Vantaa, Finland). Once a week, the plants
and the O3 treatments were rotated among the chambers to
eliminate any possible chamber effect.
Germination, relative growth rate, and visible leaf injuries
Germination percentage of the seeds sown was determined
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just before the first gas exchange and VOC measurements. In
the beginning of the experiment one average plant individual
from each pot was marked for stem height growth monitor-
ing. Height growth of the stem was measured from the soil
surface to the uppermost leaf stipule once a week during the
experiment and the relative growth rate (RGR, mm·d–1) was
calculated for the total experimental period for each cultivar
per treatment. Visible leaf injuries, manifested as yellowish
or reddish spots appearing on the upper and lower leaf sur-
face, wilting of the leaves, and yellowing of the leaf tips,
were monitored once a week throughout the experiment. In-
juries were classified as follows: 0, no visible leaf injuries;
1, <50% of the leaf area injured; 2, >50% of the leaf area
injured; and 3, whole leaf wilted.
Stomatal conductance, daily O3 uptake rate, net
photosynthesis, and chlorophyll fluorescence
One intact leaf from two different seedlings from each se-
lected pot (five pots per cultivar per treatment per sampling
point) was separately used in the measurements of leaf-level
stomatal conductance (gs) and net photosynthesis (Pn). The
measurements (240 in total) were conducted with 2- and 4-
week-old seedlings on 3 consecutive days in each sampling
point between 0800 and 1530, using a CI-510 Portable Pho-
tosynthesis System (CID, Inc., Vancouver, Wash., USA).
Measurements were made from the middle section of young,
fully expanded leaves that did not show visible damage by
enclosing a 6.5 cm2 piece of the leaf into the cuvette of the
photosynthesis system. If the leaf was not broad enough to
cover the whole cuvette, the breadth of the leaf was measured
to calculate the results on the leaf area basis. Measurements
were made at 420 µmol·mol–1 CO2 concentration, 23 °C leaf
temperature, and 170 µmol·m–2·s–1 PAR. To assess O3 flux
into the leaves, daily O3 uptake rates were calculated for
each cultivar in each treatment by utilizing the stomatal con-
ductance results as described by Ryan et al. (2009).
Chlorophyll fluorescence was measured at 22 °C (room
temperature) with a Hansatech Fluorescence Monitoring Sys-
tem FMS-2 (Hansatech Instruments Ltd., Norfolk, England)
immediately after the gas exchange measurements by using
the same plants and protocol but different leaves to avoid the
possible alterations in leaves caused by stress of the earlier
measurements. After dark-adapting the leaves (1 cm2 piece
of the leaf) for 20 min, minimal fluorescence (F0) was deter-
mined. Maximal fluorescence (Fm) was obtained by exposing
the leaf to a light pulse (7 200 µmol·m–2·s–1). Maximal photo-
chemical efficiency of PSII in a dark-adapted state (Fv/Fm)
was calculated as (Fm – F0)/Fm.
Rubisco and pigment analyses
Leaf samples for Rubisco, chlorophyll, and carotenoid
analyses were collected from 2- and 4-week-old seedlings.
Two to four young, fully enlarged leaves per pot (five pots
per cultivar per treatment per sampling point) were cut from
randomly selected plants and samples were immediately fro-
zen in liquid nitrogen and stored at –80 °C. For Rubisco,
chlorophyll, and carotenoid assays frozen leaves were
weighed (100 mg for oat leaves, 70 mg for wheat leaves)
and ground in a mortar in liquid nitrogen with 2 mL of the
MES extraction buffer (50 mmol·L–1 morpholinoethanesul-
fonic acid (MES, pH 6.8), 20 mmol·L–1 MgCl2, 50 mmol·L–1
b-mercaptoethanol, 1% Tween-20). The homogenates were
centrifuged at 14 000 rpm (4 °C) for 2 min. For Rubisco
analysis, 40 µL of 60% sucrose was added to 200 µL of
supernatant. For chlorophyll and carotenoid assays, 1 600 µL
of 100% acetone was added to 400 µL of supernatant. Thor-
oughly mixed samples were stored at –20 °C until the assays
were performed.
The amount of total Rubisco protein was determined by
polyacrylamide gel electrophoresis as described by Rintamäki
et al. (1988), using purified Rubisco protein (Sigma-Aldrich,
St. Louis, Mo., USA) as a standard. The intensities of Ru-
bisco bands were determined by scanning the gels and analy-
sing the intensities with Quantity One® 1-D Analysis
Software (Bio-Rad Laboratories, Inc., Hercules, Calif.,
USA), and the Rubisco concentrations were calculated on
the fresh weight basis.
For pigment analyses, extracted (4 °C, 2 h) samples were
centrifuged at 10 000 rpm for 10 min and absorbances (A)
of the supernatants were determined with UV-2401PC UV-
VIS Recordings Spectrophotometer using 646 , 663 , and
470 nm wavelengths. Results were calculated on the fresh
weight basis using the equations of Lichtenthaler and Well-
burn (1983).
Light and transmission electron microscopy
For the determination of stomatal density, two to four 2–
3 cm strips from one fully expanded intact leaf, representing
the same stage of the leaf development as the leaves in gas
exchange and biochemical analyses, from one plant from
each pot (five pots per cultivar per treatment per sampling
point, 120 samples in total) were cut from 2- and 4-week-old
seedlings and glued to a microscope slide with a thin layer of
super glue (super glue gel, Kiilto, Tampere, Finland). When
the glue began to dry, the leaf strips were carefully removed
from the slide leaving marks of the leaf surface structures
and stomata on the glue layer. Samples were studied with a
light microscope (Zeiss, Axiolab, Oberkochen, Germany)
and digitally photographed (Olympus C-5060 Wide Zoom,
Hamburg, Germany) at 10× objective magnification. Stoma-
tal density (stomata·mm–2) was determined from the digital
images (ImageJ, version 1.38).
For anatomical and ultrastructural studies, samples from
fully expanded leaves, representing the same stage of the leaf
development as the leaves in gas exchange and biochemical
analyses, were collected by randomly selecting one leaf per
pot (five pots per cultivar per treatment per sampling point,
120 leaf samples in total) from 2- and 4-week-old seedlings.
Strips (5 mm) were cut from the middle of the leaf and
placed immediately in cold 2.5% (v/v) glutaraldehyde fixative
(in 0.1 mol·L–1 phosphate buffer, pH 7.0). In the laboratory,
1.5 mm2 pieces adjacent to the central midrib were cut from
the strips under fixative solution using a razor blade and
stored in glutaraldehyde fixative at 4 °C overnight. Leaf sam-
ples were rinsed with phosphate buffer, post-fixed in 1% buf-
fered OsO4 solution, dehydrated with an ethanol series
followed by a propylene oxide treatment, and embedded in
epon (Ladd LX112).
Sections (1 µm) for light microscopy were cut with an ul-
tramicrotome (Reichert-Jung Ultracut E, Hernalser Hauptstr.
219 A-1171 Wien, Austria, Diatomen histo-knife (Hi 4967)),
stained with toluidine blue, and studied with a light micro-
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scope (Zeiss, Axiolab, Oberkochen, Germany). Two areas be-
tween the veins from each sample were randomly selected for
digital photographing (Olympus C-5060 Wide Zoom, Ham-
burg, Germany) at 40× objective magnification. Digital im-
ages were analysed for the leaf thickness (ImageJ, version
1.38) and the proportion of intercellular space (Adobe Photo-
shop Elements, version 2.0) using the point-counting method.
Thin (50–70 nm) sections for transmission electron micro-
scopy (TEM) were cut with an Ultracut E (Reichert-Jung,
Scotia, N.Y., USA) from the same leaf samples as used for
light microscopy. The sections were stained with uranyl ace-
tate and lead citrate. Leaf samples were photographed with a
transmission electron microscope (JEM-1200 EX, JEOL Ltd.,
Tokyo, Japan). A randomly selected plant cell per sample
was photographed at 4 000× magnification and one chloro-
plast inside the selected cell was photographed at 12 000×
magnification. Digital images were analysed for the number
of chloroplasts per cell, mean size (µm2) of chloroplasts,
number of plastoglobuli per 1 µm2 of chloroplast stroma
(starch excluded), the proportion of vacuole per cell (%),
number of mitochondria and peroxisomes per 100 µm2 of cy-
toplasm, and the proportion of starch of chloroplast area (%)
with ImageJ (version 1.38) using standard measurement tools
of the program.
Collection and analysis of volatile organic compounds
VOCs emitted from the foliage of 2- and 4-week-old oat
and wheat seedlings were collected with the dynamic head-
space collection technique using polyethylene terephthalate
(PET) cooking bags (Look Kalapussi, 25 cm × 55 cm, Eura-
con Oy, Finland). The pot with the foliage was enclosed in a
precleaned (120 °C, 60 min) cooking bag and the open end
of the bag was gently tied around the pot with rubber bands.
Air purified with activated carbon entered the open end of
the bag via Teflon tubing at a rate of 330 mL·min–1. Outlet
for the sample tube was made at the upper corner of the col-
lection bag by cutting a small hole into the corner. After a 5
min adjustment period, the sample was pulled through a pu-
rified stainless steel tube (Perkin Elmer, ATD sample tubes,
filled with approximately 150 mg Tenax-TA adsorbent (Su-
pelco, mesh 60/80)) and attached into the corner of the bag
with a shutter with a vacuum pump (KNF Neuberger, Inc.,
Freiburg, Germany, Model N022AN.18) at the rate of
210 mL·min–1 for 60 min. The samples were collected at
∼300 µmol·m–2·s –1 PAR (three lamps (Model Lival Shuttle
Plus, Osram Delux F, 24W/41–827, Sipoo, Finland) placed
over the pots maintained adequate light level) and at 22 °C
(room temperature) simultaneously from four pots. The air
flows were calibrated daily with a mini-Buck calibrator
(Model M-5, A.P. Buck, Inc., Orlando, Fla., USA).
Samples were analysed by GC-MS (Hewlett Packard GC
type 6890, MSD 5973, Beaconsfield, UK). Compounds
trapped to the adsorbent were desorbed (Perkin Elmer
ATD400 Automatic Thermal Desorption System, Wellesley,
Mass., USA) at 250 °C for 10 min, cryofocused in a cold
trap at –30 °C, and subsequently injected onto an HP-5 capil-
lary column (50 m × 0.2 mm i.d. × 0.33 µm film thickness,
J&W Scientific, Folsom, Calif. USA). The temperature pro-
gram was 40 °C for 1 min, followed by increases of
5 °C·min–1 to 210 °C and 20 °C·min–1 to 250 °C. The carrier
gas was helium. Mono- and sesquiterpenes (C10, C15) and
other VOCs than terpenes (including C6 green leaf volatiles
and aromatic C8 methyl salicylate (GLVs + MeSA)) were
identified from the emissions by comparing the mass spectra
of compounds with those in the Wiley library and pure stand-
ards. For quantification of the emissions, commercially avail-
able reference substances were used. To normalize the VOC
results (i.e., to remove the effect of the collection bag and the
growth medium), VOCs collected from the empty collection
bag and the pot with growth medium were subtracted from
the plant emission results. After VOC collections, the foliage
was dried (60 °C, 48 h) and VOC emission results were ex-
pressed in nanograms per gram dry weight per hour (ng·g–1
DW·h–1).
Statistical analyses
For the main effects of O3, species and their interactions
were tested by the general linear model (GLM) and a post-
hoc test (Tukey's HSD) was used to study the differences
between the O3 treatments. Thereafter, the main effects and
interactions of O3 treatment and cultivar within the species
were tested by GLM as well, and differences between O3
treatments were tested as described above. Before the analy-
ses, the variables were checked for normality and homogene-
ity of variances, and logarithmic, square root, or reciprocal
square root transformations were performed when necessary.
When the data did not meet the assumptions, the effects of
the treatments on these variables were analysed by the non-
parametric test (Kruskal–Wallis H). Statistical analyses were
performed using SPSS 14.0 for Windows statistical package
(SPSS Inc., Chicago, Ill., USA). Differences were considered
significant at P < 0.05, and marginally significant at P <
0.10. In the results, we principally focus on the second sam-
pling occasion, and only the significant results from the first
sampling are represented.
Results
Growth and physiological responses
Germination
Species did not differ in germination of seeds, but within
wheat, cultivar 'Manu' had 7% higher germination rate than
cultivar 'Anniina' (Tables 1 and 2). When species were
pooled, 50 nL·L–1 O3 was found to reduce seed germination
(Tables 1 and 2). However, when species were studied sepa-
rately, the effect of O3 was found only with oat, where
50 nL·L–1 O3 treatment significantly decreased germination
rate of cultivar 'Aarre' only (Tables 1 and 2).
Relative growth rate and visible leaf injuries
Relative growth rate (RGR), measured as stem height, was
not affected by O3 nor did differences between the species
exist (Tables 1 and 2). Both species exhibited intraspecific
variation, with oat 'Aarre' having almost 2-fold higher rela-
tive growth rate compared with oat 'Fiia', and wheat 'Manu'
growing approximately 30% faster than wheat 'Anniina' (Ta-
bles 1 and 2).
Already 1-week-old seedlings exposed to 100 nL·L–1 O3
exhibited chlorosis starting from the tip of the leaf (data not
shown). Visible symptoms in oat leaves occurred as reddish
spots, whereas symptoms in wheat were detected as yellow-
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ish spots. Oat 'Fiia' was found to exhibit relatively small
amounts of visible injuries compared with other cultivars
(Table 3), and the difference was substantial especially during
the first weeks of the experiment (data not shown). Injuries
were observed to become more severe with increasing O3 ex-
posure, and wheat exhibited more visible leaf injuries in
100 nL·L–1 O3 compared with oat (Table 3). The oldest
leaves began to wilt, also due to normal senescence, however
wilting of the leaves progressed faster with O3.
Stomatal conductance, daily O3 uptake rate, net
photosynthesis, and chlorophyll fluorescence
Stomatal conductance (gs) of 2-week-old seedlings was
significantly reduced by 100 nL·L–1 O3 treatment (see Sup-
plemenatry data1, Tables S11 and S21; Fig. 1a). When spe-
cies were analysed separately, the effect of O3 on gs was
detected only with oat, where 100 nL·L–1 O3 significantly de-
creased gs of both cultivars (Tables S11 and S21; Fig. 1a).
With 4-week-old oat seedlings, 'Fiia' had 47% lower gs than
'Aarre' (Tables 1 and 2). Daily O3 uptake rates of 2- and 4-
week-old seedlings increased with increasing O3 concentra-
tion (Table S31; Table 4). Wheat cultivars had generally high-
est and oat 'Fiia' lowest O3 uptake rates (Table S31; Table 4).
A concentration of 100 nL·L–1 O3 significantly decreased
photosynthesis (Pn) of 2-week-old seedlings (Tables S11 and
S21; Fig. 1b), but it did not reduce that of 4-week-old seed-
lings (Table 2). With 4-week-old seedlings, wheat had ap-
proximately 16% more effective Pn than oat (Tables 1 and
2). When species were studied separately, 100 nL·L–1 O3
tended to enhance Pn in oat 'Fiia' (Tables 1 and 2). Moreover,
O3 slightly enhanced Pn in wheat 'Anniina' but not in 'Manu'
(Tables 1 and 2).
Oat 2-week-old seedlings, especially 'Aarre', had signifi-
cantly lower Fv/Fm compared with wheat (Tables S11 and
S21). Fv/Fm of both species, but particularly that of wheat,
declined with increasing O3 concentration (Tables S11 and
S21). With 4-week-old seedlings, the impact of O3 on chloro-
phyll fluorescence was still observed, but Fv/Fm was stimu-
lated in 50 nL·L–1 O3-treated plants (Tables 1 and 2).
However, when species were analysed separately, the effect
of O3 was detected only in wheat, where 50 nL·L–1 increased
and 100 nL·L–1 decreased Fv/Fm (Tables 1 and 2).
Rubisco and pigments
With 2- (Tables S11 and S21) and 4-week-old (Tables 1
and 2) seedlings, the amount of Rubisco in wheat was 14%–
33% higher than in oat, and the difference increased with
plant age. Rubisco concentration in 2-week-old seedlings
Table 1. Growth and physiological characteristics (mean ± SE, n = 5) of 4-week-old oat (cultivars 'Aarre' and 'Fiia') and
wheat (cultivars 'Anniina' and 'Manu') seedlings exposed to 0, 50, or 100 nL·L–1 O3 concentration.
Oat Wheat
Variable O3 treatment 'Aarre' 'Fiia' 'Anniina' 'Manu'
Germination (%) 0 nL·L–1 90±1b 89±2 85±1 91±2
50 nL·L–1 79±3a 87±1 83±3 88±3
100 nL·L–1 87±1b 85±2 80±4 88±2
RGR (mm·d–1) 0 nL·L–1 6.3±0.5 3.4±0.5 4.2±0.4 5.1±0.4
50 nL·L–1 5.7±0.4 2.8±0.2 3.1±0.3 4.1±0.6
100 nL·L–1 5.9±0.4 3.3±0.3 3.6±0.4 4.9±0.4
gs (mmol·m–2 ·s–1) 0 nL·L–1 385±71 293±53 312±48 479±90
50 nL·L–1 414±41 202±47 382±57 376±34
100 nL·L–1 362±90 299±41 382±62 457±74
Pn (µmol·m–2 ·s–1) 0 nL·L–1 8.4±0.6 8.5±0.8a 9.5±0.9 11.1±0.5
50 nL·L–1 9.7±0.5 7.9±0.5a 11.9±0.6 10.0±0.5
100 nL·L–1 10.0±1.3 10.3±0.2b 10.3±0.9 10.7±0.7
Fv/Fm 0 nL·L–1 0.805±0.006 0.816±0.008 0.812±0.006 0.810±0.004
50 nL·L–1 0.821±0.005 0.818±0.004 0.823±0.004 0.823±0.005
100 nL·L–1 0.808±0.006 0.820±0.005 0.803±0.010 0.810±0.006
Rubisco (µg·mg –1 FW) 0 nL·L–1 7.1±0.6 7.7±0.9 11.5±1.4 8.6±0.8
50 nL·L–1 6.9±0.9 6.1±0.9 9.6±0.6 9.4±0.7
100 nL·L–1 8.5±0.9 7.8±1.5 10.2±0.7 9.5±0.9
Chlorophyll a (mg·g–1 FW) 0 nL·L–1 0.45±0.05 0.50±0.10 0.61±0.09 0.63±0.06
50 nL·L–1 0.46±0.06 0.40±0.05 0.62±0.09 0.61±0.09
100 nL·L–1 0.44±0.07 0.52±0.11 0.58±0.04 0.73±0.03
Chlorophyll b (mg·g–1 FW) 0 nL·L–1 0.11±0.01 0.12±0.03 0.14±0.03 0.15±0.02
50 nL·L–1 0.11±0.02 0.09±0.01 0.14±0.02 0.13±0.02
100 nL·L–1 0.10±0.02 0.12±0.03 0.13±0.01 0.16±0.01
Carotenoids (mg·g–1 FW) 0 nL·L–1 0.13±0.01 0.13±0.02 0.17±0.02 0.16±0.02
50 nL·L–1 0.12±0.01 0.11±0.01 0.16±0.02 0.16±0.02
100 nL·L–1 0.13±0.02 0.16±0.03 0.19±0.00 0.20±0.01
Note: RGR, relative growth rate; gh, stomatal conductance; Pn, net photosynthesis; Fv/Fm, chlorophyll fluorescence. Differences be-
tween the O3 treatments within cultivars were tested with ANOVA followed by Tukey’s HSD test. Different letters within a column in-
dicate significant differences between the treatments.
1Supplementary data are available with the article through the journal Web site (http://nrcresearchpress.com/doi/suppl/10.1139/b11-090).
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was significantly affected by O3, so that 50 nL·L–1 and par-
ticularly 100 nL·L–1 O3 treatment increased it (Tables S11
and S21). When species were studied separately, the effect of
O3 was detected in wheat only (Tables S11 and S21).
Two-week-old wheat seedlings had more chlorophyll a and
carotenoids than oat, but O3 treatment did not affect pigment
concentrations (Tables S11 and S21). With 4-week-old seed-
lings, the concentrations of all pigments significantly differed
between the species by wheat having 37%, 27%, and 31%
more chlorophyll a, chlorophyll b, and carotenoids, respec-
tively, than oat (Tables 1 and 2). Carotenoid concentration
was significantly higher in seedlings exposed to 100 nL·L–1
O3 compared with seedling at lower O3 concentrations (Ta-
bles 1 and 2).
Leaf structural responses
Leaf thickness, stomatal density, and proportion of
intercellular space
Depending on the plant age, oat had 19%–25% thicker
leaves than wheat (Tables S41 and S51; Tables 5 and 6).
Two-week-old oat seedlings had 25% higher stomatal density
than wheat (Tables S41 and S51). Oat had 13%–22% more in-
tercellular space in the leaves, and the difference was more
pronounced in 2- than in 4-week-old seedlings (Tables S41
and S51; Tables 5 and 6).
With 4-week-old wheat seedlings, 'Manu' had 7% thicker
leaves than 'Anniina' (Tables 5 and 6). In the pooled data,
100 nL·L–1 O3 tended to decrease stomatal density (Tables 5
and 6). Contrary to 2-week-old (Tables S41 and S51) wheat
seedlings, O3 decreased the amount of intercellular space in
4-week-old 'Anniina' and increased it in 'Manu' (Tables 5
and 6).
Changes in chloroplasts
The amount of chloroplasts did not significantly differ be-
tween species, cultivars or O3 treatments at either occasion.
The proportion of starch increased with plant age, but both
2- (Tables S41 and S51) and 4-week-old (Tables 5 and 6)
wheat seedlings had larger starch grains than oat. O3 treat-
ment, 100 nL·L–1 in particular, reduced the amount of starch
in 2-week-old seedlings (Tables S41 and S51).
The effect of O3 on the size of the chloroplasts was not
found, but 4-week-old wheat seedlings had 46% larger chlor-
oplasts than oat (Tables 5 and 6). In the pooled data,
100 nL·L–1 O3 still significantly decreased the amount of
Table 2. ANOVA or the Kruskal–Wallis H test results (P values) for the main effects and interactions of species, O3, and cultivar on growth
and physiological characteristics of 4-week-old oat and wheat seedlings together (both species) and separately.
Both species Oat Wheat
Species O3 Species × O3 Cultivar O3 Cultivar × O3 Cultivar O3 Cultivar × O3
Germination 0.723 0.019 0.343 0.372 0.005 0.024 0.006 0.354 0.783
RGR 0.488 0.191 0.806 <0.001 0.323 0.924 0.008 0.092 0.848
gs 0.061 0.779 0.936 0.019 0.868 0.430 0.142 0.816 0.407
Pn 0.001 0.184 0.166 0.438 0.056 0.285 0.996 0.632 0.063
Fv/Fm 0.752 0.018 0.405 0.195 0.347 0.389 0.783 0.038 0.795
Rubisco <0.001 0.314 0.603 0.730 0.271 0.754 0.085 0.848 0.280
Chlorophyll a <0.001 0.651 0.903 0.763 0.741 0.665 0.346 0.829 0.542
Chlorophyll b 0.004 0.677 0.983 1.000 0.845 0.707 0.431 0.804 0.510
Carotenoids <0.001 0.042 0.810 0.737 0.382 0.533 0.842 0.085 0.758
Note: Significant P values are emboldened. RGR, relative growth rate; gh, stomatal conductance; Pn, net photosynthesis; Fv/Fm, chlorophyll fluorescence.
Table 3. Visible leaf injuries (yellowish or reddish spots on the upper and lower leaf surface, wilting of the leaves, and yellowing
of the leaf tips) in 4-week-old oat (cultivars 'Aarre' and 'Fiia') and wheat (cultivars 'Anniina' and 'Manu') seedlings exposed to 0, 50,
or 100 nL·L–1 O3 concentration.
Leaf
O3 treatment Species Cultivar 1 2 3 4 5
0 nL·L–1 Oat 'Aarre' 2 (1,2) 1 (1,2) 1 (0,1) 1 (0,1) 0 (0,0)
'Fiia' 2 (2,2) 1 (1,2) 1 (0,1) 0 (0,1) —
Wheat 'Anniina' 2 (1,2) 1 (0,2) 1 (0,2) 0 (0,1) 0 (0,0)
'Manu' 2.5 (1,3) 2 (1,3) 1 (0,2) 0 (0,1) 0 (0,1)
50 nL·L–1 Oat 'Aarre' 2 (1,2) 1 (1,2) 1 (0,1) 1 (0,1) 0 (0,0)
'Fiia' 2 (1,2) 1 (0,2) 1 (0,1) 1 (0,1) 0 (0,0)
Wheat 'Anniina' 2 (1,3) 1.5 (1,2) 1 (0,2) 0 (0,2) 0.5 (0,1)
'Manu' 3 (1,3) 2 (1,3) 1 (0,2) 1 (0,1) 0.5 (0,1)
100 nL·L–1 Oat 'Aarre' 2 (1,2) 1 (1,2) 1 (0,1) 1 (0,1) 0 (0,0)
'Fiia' 2 (2,3) 2 (0,2) 1 (0,1) 0 (0,1) —
Wheat 'Anniina' 3 (2,3) 2 (1,3) 1 (0,2) 0 (0,1) 0 (0,0)
'Manu' 3 (1,3) 3 (0,3) 2 (2,3) 1 (0,2) 0 (0,1)
Note: —, indicates leaf not developed; leaf no.: 1, oldest leaf, 5, youngest leaf. All existing leaves from 20 seedlings per cultivar per treatment
were analysed. Scaling: 0, no visible leaf injuries; 1, <50% of the leaf area injured; 2, >50% of the leaf area injured; and 3, whole leaf wilted. Data
are shown as median (min., max.).
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starch (Tables 5 and 6), but closer study revealed that the
negative impact of O3 was observed in wheat only (Tables 5
and 6). Moreover, 4-week-old wheat 'Anniina' had 27% more
starch compared with wheat 'Manu' (Tables 5 and 6). 'An-
niina' was also found to have more plastoglobuli in the chlor-
oplast stroma than 'Manu' (Tables 5 and 6).
Other cell components
Two- (Tables S41 and S51) and 4-week-old (Tables 5 and
6) oat seedlings had 12%–29% larger vacuoles than wheat.
With 4-week-old seedlings, 'Fiia' had larger vacuoles than
'Aarre', and 'Manu' tended to have larger vacuoles than 'An-
niina' (Tables 5 and 6).
With 2-week-old seedlings, 100 nL·L–1 O3 increased the
number of mitochondria and peroxisomes (Tables S41 and
S51). When species were studied separately, the effect of O3
(Tables S41 and S51) on the amount of mitochondria was
found in oat only. With 4-week-old seedlings, O3 signifi-
cantly increased the amount of mitochondria in wheat, while
it was decreased in oat 'Aarre' (Tables 5 and 6). Moreover,
O3 tended to reduce the number of peroxisomes in oat and
increase it in wheat (Tables 5 and 6).
VOC responses
Terpenes
Monoterpene emission in both species consisted of a-
pinene, b-myrcene, limonene, 1,8-cineole, and linalool.
When species were studied separately, total monoterpene
emission from 2-week-old oat 'Fiia' was over 3-fold higher
than from oat 'Aarre' (Tables S61 and S71). Also, 2-week-old
wheat 'Manu' emitted over three times more monoterpenes
than wheat 'Anniina' (Tables S61 and S71).
With 4-week-old seedlings, total monoterpene emission
from oat was over 4-fold higher compared with wheat, and
again oat 'Fiia' was emitting substantially more monoterpenes
than 'Aarre' (Table 7; Fig. 2a). In the pooled data, 50 nL·L–1
O3 treatment tended to increase total emission of monoter-
penes (Table 7; Fig. 2a). However, when species were
studied separately, the impact of O3 was detected in wheat
only (Table 7; Fig. 2a). When individual compounds were
analysed, a-pinene emission from both species was increased
by 100 nL·L–1 O3 treatment (Table 8). b-Myrcene and lina-
lool were emitted from oat 'Fiia' mainly (Table 8).
Only 4-week-old wheat seedlings emitted sesquiterpenes
(a-copaene, (E)-b-farnesene, a-humulene, and d-cadinene),
and most of these compounds were emitted by cultivar 'An-
niina' (Table 7; Fig. 2b). A concentration of 100 nL·L–1 O3
significantly decreased total sesquiterpene emission from
wheat (Table 7; Fig. 2b). When individual compounds were
analysed, (E)-b-farnesene emission from wheat was found to
significantly decrease by O3 (P < 0.001).
Other VOCs than terpenes
The majority of VOCs emitted by both oat and wheat
seedlings were green leaf volatiles (GLVs), consisting mainly
of (Z)-3-hexenol and (Z)-3-hexenyl acetate (Table S71; Table
8). Other compounds emitted in minor quantities were 1-
octen-3-ol, nonanal, and methyl salicylate (MeSA) (Table
S71; Table 8). Two- (Tables S61 and S71) and 4-week-old
(Table 7; Fig. 2c) wheat seedlings emitted significantly more
GLVs than oat. In the pooled data, 100 nL·L–1 O3 signifi-
cantly reduced total GLV emission from 2- (Tables S61 and
S71) and 4-week-old seedlings (Table 7; Fig. 2c). However,
when species were studied separately, the impact of O3 was
detected in wheat only (Tables S61 and S71; Table 7; Fig. 2c).
This decline caused by O3 was mainly related to reductions
in (Z)-3-hexenol and (Z)-3-hexenyl acetate emissions (Table
S71; Table 8). Moreover, with 4-week-old seedlings, O3 de-
creased emissions of nonanal and 1-octen-3-ol from oat but
increased 1-octen-3-ol emission from wheat (Table 8). More-
over, wheat emitted more 1-octen-3-ol and (Z)-3-hexenyl ace-
tate than oat (Table 8). Only 4-week-old oat seedlings were
detected to emit small amounts of MeSA, and 100 nL·L–1
O3 was found to decrease its emission (Table 8).
Discussion
Negative O3 impacts on the seedlings
Impact of O3 on seed germination has not been intensively
studied, but our results suggest that O3 can reduce seed ger-
mination (Tables 1 and 2). In line with this, Bender et al.
(2006) reported a 30% decline in germination rate of seeds
of common European wild plant species (e.g., European
Fig. 1. (a) Stomatal conductance (gs) (mmol·m–2 ·s–1, mean ± SE,
n = 5) and (b) photosynthesis (Pn) (µmol·m–2·s–1, mean ± SE,
n = 5) of 2-week-old oat (cultivars 'Aarre' and 'Fiia') and wheat
(cultivars 'Manu' and 'Anniina') seedlings exposed to 0, 50, or
100 nL·L–1 O3 concentration.
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black nightshade (Solanum nigrum L.), stinging nettle (Urtica
dioica L.), and common chickweed (Stellaria media (L.)
Vill.)) exposed to 20–55 nL·L–1 O3 over three growing sea-
sons. Prozherina et al. (2009) showed parallel results with
pine (Pinus sylvestris L.) exposed to 1.4× ambient O3 con-
centration, and the germination percentage of Brassica hybrid
plant seeds was notably reduced by 100 nL·L–1 O3 treatment
(Himanen et al. 2010). On the other hand, Kasana (1991) and
Landolt et al. (2000) studied several plant species, including
legumes, conifers and deciduous trees, but did not find sig-
nificant O3 effect on seed germination. Thus, the impact of
O3 on seed germination seems to depend on plant species,
cultivar, O3 concentration and duration of the exposure, and
also on other environmental factors influencing the seeds.
Visible leaf injuries, growth responses, and photosynthetic
capacity are commonly used as indicators to assess O3 sensi-
tivity of plants (e.g., Meyer et al. 2000; Hassan 2004; Picchi
et al. 2010). In our study, visible symptoms of O3 injury,
chlorotic or reddish spots starting from the tip of the leaf, ap-
peared rapidly on leaves of oat and wheat seedlings exposed
to 100 nL·L–1 O3. Similar symptoms have frequently been re-
ported in wheat (Biswas et al. 2008; Picchi et al. 2010),
while oat has been studied to a lesser degree. All cultivars
exhibited visible leaf injuries at elevated O3, but oat 'Fiia'
had least symptoms throughout the experiment (Table 3). In
general, visible O3 symptoms increased with leaf age and
with increasing O3 concentration. These symptoms may indi-
cate O3-caused accelerated senescence or senescence-like in-
Table 4. Daily O3 uptake rate (nmol·m–2·d–1) (mean ± SE, n = 5) of 4-week-old oat (cultivars 'Aarre' and 'Fiia') and
wheat (cultivars 'Anniina' and 'Manu') seedlings exposed to 0, 50, or 100 nL·L–1 O3 concentration.
Oat Wheat
Variable O3 treatment 'Aarre' 'Fiia' 'Anniina' 'Manu'
Daily O3 uptake rate (nmol·m–2·d–1) 0 nL·L–1 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0
50 nL·L–1 98.6±9.8 48.2±11.1 91.0±13.5 89.5±8.1
100 nL·L–1 172.3±42.7 142.3±19.4 181.9±29.6 217.6±35.4
Table 5. Leaf structural characteristics (mean ± SE, n = 5) of 4-week-old oat (cultivars 'Aarre' and 'Fiia') and wheat (cultivars 'Anniina'
and 'Manu') seedlings exposed to 0, 50, or 100 nL·L–1 O3 concentration.
Oat Wheat
Variable O3 treatment 'Aarre' 'Fiia' 'Anniina' 'Manu'
Leaf thickness (µm) 0 nL·L–1 596±44 581±23 518±13 542±24
50 nL·L–1 623±59 579±50 481±13 501±14
100 nL·L–1 570±35 685±53 478±21 542±35
Stomatal density (per mm2) 0 nL·L–1 28±2 27±3 31±2 31±2
50 nL·L–1 27±2 32±3 32±8 28±2
100 nL·L–1 26±2 26±2 21±3 27±3
Intercellular space (%) 0 nL·L–1 25±5 27±2 28±2b 21±1a
50 nL·L–1 26±2 28±2 22±1a 22±2
100 nL·L–1 26±2 30±3 24±2 27±2b
Chloroplasts/cell 0 nL·L–1 11.0±1.4 10.0±2.0 10.6±1.6 10.6±1.5
50 nL·L–1 11.0±0.7 7.5±0.6 8.8±0.7 9.8±0.4
100 nL·L–1 12.0±4.0 10.0±1.4 8.6±0.9 10.3±0.5
Chloroplast size (µm2) 0 nL·L–1 5.9±0.4 8.1±2.0 14.9±2.3 10.3±1.3
50 nL·L–1 8.6±1.5 9.3±1.0 9.7±1.7 10.0±1.0
100 nL·L–1 7.7±1.7 7.0±0.9 13.2±1.6 9.5±1.0
Starch/chloroplast (%) 0 nL·L–1 29.9±6.2 35.3±6.9 62.3±6.5b 44.0±5.0
50 nL·L–1 37.7±9.5 44.3±9.3 50.9±5.2 44.4±5.1b
100 nL·L–1 20.6±1.1 20.3±7.6 39.5±5.8a 28.0±4.0a
Plastoglobuli/stroma (per µm2) 0 nL·L–1 2.0±0.4 1.4±0.2 1.3±0.1 1.2±0.4
50 nL·L–1 1.7±0.3 2.0±0.5 2.2±0.4 1.3±0.3
100 nL·L–1 2.4±0.1 1.4±0.2 2.0±0.4 1.2±0.4
Vacuole/cell (%) 0 nL·L–1 70.2±2.7 72.5±4.6 45.6±6.3 50.9±9.5
50 nL·L–1 62.9±3.7 72.7±5.0 61.0±5.9 59.8±5.8
100 nL·L–1 59.1±6.0 76.3±1.9 42.3±6.4 69.3±0.8
Mitochondria/cytoplasm (per 100 µm2) 0 nL·L–1 9.1±1.8b 4.6±0.9 2.2±0.5 2.1±0.9a
50 nL·L–1 2.3±0.8a 6.6±2.1 4.5±1.5 6.1±2.0
100 nL·L–1 3.6±3.6 3.1±1.1 5.2±0.9 8.2±2.4b
Peroxisomes/cytoplasm (per 100 µm2) 0 nL·L–1 1.3±0.3 2.6±1.1 0.4±0.2 0.5±0.3
50 nL·L–1 0.8±0.5 0.9±0.9 0.7±0.3 1.1±0.5
100 nL·L–1 1.2±0.0 1.5±0.7 1.0±0.2 1.7±0.6
Note: Differences between the O3 treatments within cultivars were tested with ANOVA followed by Tukey’s HSD test. Different letters within a
column indicate significant differences between the treatments.
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juries as reported in previous studies (Ojanperä et al. 1998;
Bäck et al. 1999; Sild et al. 2002). O3 impact on growth rate
has been attested in several plant species (Oksanen and
Saleem 1999; Akhtar et al. 2010a), but we observed that
stem height growth measurements did not show differences
in O3 sensitivity of the studied crop species and cultivars
(Tables 1 and 2). This might be explained by the redundancy
of the seedlings to invest in stem growth under optimal light
conditions in a short-term study. In line with our results,
Woo and Hinckley (2005) defined height growth to be a less
sensitive variable to O3 on hybrid poplar (Populus tricho-
carpa × Populus deltoides).
Interestingly, photosynthetic efficiency, estimated as net
photosynthesis (Pn), chlorophyll fluorescence (Fv/Fm), and
stomatal conductance (gs), was more pronouncedly disturbed
by O3 in leaves of 2-week-old seedlings compared with older
ones (Tables S11 and S21; Tables 1 and 2). O3 has been
shown to inhibit foliar photosynthesis in wheat (Donnelly et
al. 2000; Akhtar et al. 2009) and in oat (Forberg et al. 1987;
Myhre et al. 1988), and the decline in Pn was detected also in
our study with 2-week-old oat and wheat seedlings (Fig. 1b).
Reduced chlorophyll fluorescense, reflecting the activity of
PSII, could be an early indicator of harmful O3 effects on
photosynthetic apparatus (Soja and Soja 1995). In this study,
O3 notably decreased Fv/Fm particularly in 2-week-old wheat
seedlings, the finding being in line with the simultaneous re-
duction in photosynthesis rate. Observed smaller size of
starch grains under O3 exposure may also partially indicate
reduced photosynthetic capacity especially in 2-week-old
wheat leaves. As well known, a major factor affecting O3 up-
take and plant responses to O3 appears to be stomatal con-
ductance, and visible injuries have been shown to correlate
with it (Fiscus et al. 2005; Biswas et al. 2008; Picchi et al.
2010). In this study, O3 significantly reduced gs of 2-week-
old seedlings, particularly in oat (Fig. 1a). Stomatal closure
may hinder photosynthetic processes (Dizengremel 2001;
Mauzerall and Wang 2001), but this can also efficiently de-
crease O3 uptake as supported by our results (Tables S11 and
S31). The relation between Pn and gs is not straightforward,
but the reduction in gs can result from direct effects of O3
on stomata, or is caused by the increased internal CO2 levels
owing to impaired Pn (Kangasjärvi et al. 2005). However,
these clear and detrimental O3 effects on photosynthetic ca-
pacity of 2-week-old seedlings were no longer observed with
4-week-old seedlings, which may indicate activation of de-
fense responses, other than stomatal control, in the young
leaves of the older seedlings.
Leaf physiological and structural characteristics affecting
O3 sensitivity or tolerance
Wheat has been generally considered an O3 sensitive plant
species (Selldén and Pleijel 1995; Mills et al. 2007), but in
this study, neither oat nor wheat was found as a particularly
sensitive crop species, and our results suggest that O3 sensi-
tivity should rather be determined on the basis of the charac-
teristics of the cultivars within species. As suggested by Woo
and Hinckley (2005) and Ryan et al. (2009), O3 sensitivity
can also vary depending on the parameters selected for the
study.
In this study, wheat had generally more effective photosyn-
thesis and related processes, such as stomatal conductance,
chlorophyll fluorescence, synthesis of Rubisco and pigments
as well as larger chloroplasts and starch grains, compared
with oat (Tables S11 and S41; Tables 1 and 5). At the same
Table 6. ANOVA or the Kruskal–Wallis H test results (P values) for the main effects and interactions of species, O3 and cultivar on leaf
structural characteristics of 4-week-old oat and wheat seedlings together (both species) and separately.
Both species Oat Wheat
Species O3 Species × O3 Cultivar O3 Cultivar × O3 Cultivar O3 Cultivar × O3
Leaf thickness <0.001 0.451 — 0.652 0.740 0.313 0.039 0.171 0.503
Stomatal density 0.665 0.083 0.386 0.604 0.443 0.510 0.485 0.103 0.562
Intercellular space 0.024 0.414 0.566 0.369 0.868 0.953 0.325 0.095 0.023
Chloroplasts/cell 0.612 0.375 0.714 0.136 0.587 0.722 0.329 0.421 0.750
Chloroplast size <0.001 0.970 0.112 0.546 0.323 0.593 0.098 0.274 0.253
Starch/chloroplast 0.001 0.003 0.377 0.574 0.099 0.920 0.012 0.005 0.555
Plastoglobuli/stroma 0.338 0.384 0.768 0.175 0.763 0.257 0.046 0.313 0.521
Vacuole/cell (%) <0.001 0.928 — 0.010 0.565 0.233 0.067 0.189 0.111
Mitochondria/cytoplasm 0.851 0.912 0.003 0.879 0.112 0.030 0.227 0.014 0.599
Peroxisomes/cytoplasm 0.115 0.495 0.081 0.446 0.279 — 0.173 0.053 0.691
Note: —, indicates not possible to test. Significant P values are emboldened.
Table 7. ANOVA or the Kruskal–Wallis H test results (P values) for the main effects and interactions of species, O3 and cultivar on
total emissions of monoterpenes, sesquiterpenes, and other volatile organic compounds than terpenes green leaf volatiles + methyl
salicylate (GLVs + MeSA) from 4-week-old oat and wheat seedlings together (both species) and separately.
Both species Oat Wheat
Species O3 Species × O3 Cultivar O3 Cultivar × O3 Cultivar O3 Cultivar × O3
Monoterpenes <0.001 0.079 0.469 <0.001 0.344 0.629 0.388 0.075 0.749
Sesquiterpenes <0.001 0.162 — — — — <0.001 0.003 0.429
GLVs + MeSA 0.025 0.004 0.023 0.193 0.737 0.991 0.951 0.001 0.945
Note: —, indicates not possible to test. Significant P values are emboldened.
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time both wheat cultivars showed clear leaf injuries at O3 ex-
posure. Thus, wheat seemed to invest in efficient photosyn-
thetic processes, although effective gas exchange resulted in
higher O3 flux and formation of visible symptoms. However,
efficient Pn might have enabled wheat to resist O3 effects via
photosynthetic enzymes and pigments as O3 increased Ru-
bisco concentration in 2-week-old (Table S11) and carote-
noids in 4-week-old (Table 1) seedlings. High quantity of
photosynthetic pigments has been suggested to be linked to
O3 sensitivity as these pigments are targets for O3 action
(Bussotti 2008), but on the other hand, higher amount of Ru-
bisco, chlorophylls and carotenoids in wheat might indicate
higher potential for utilizing these compounds for compensa-
tion and protection as well. O3 has been reported to reduce
Rubisco concentration in several plant species (Oksanen and
Saleem 1999; McKee et al. 2000), but apparently the amount
of Rubisco can increase, particularly in younger leaves ex-
posed to O3, presumably as a response to resist O3 damage
(Brendley and Pell 1998). Previous studies (e.g., Woo and
Hinckley 2005) have shown that nutrients can be re-translo-
cated from the older leaves to the younger leaves to maintain
productivity under O3 stress, and as our results show also
Rubisco synthesis may be concentrated on younger leaves to
assure production. Increased carotenoid levels in 4-week-old
seedlings, especially in wheat, under 100 nL·L–1 O3 support
the role of carotenoids as antioxidants and photoprotective
agents that prevent O3 mediated oxidative damage and
photo-oxidative destruction of chlorophyll by scavenging
ROS (Bartley and Scolnik 1995; Calatayud and Barreno
2004; Jaleel et al. 2009). Under high oxidative pressure, the
stomatal and apoplastic defense mechanisms may be over-
whelmed and intracellular enzymatic and nonenzymatic (e.g.,
carotenoids) systems could serve as a second defense line
(Castagna and Ranieri 2009). Thus, the increase in Rubisco
and carotenoid concentrations in wheat may indicate one
form of compensation against O3 stress. O3-caused decrease
in the size of starch grains especially in 4-week-old wheat
could be a sign of negative O3 effects, but on the other
hand, photosynthesis of 4-week-old seedlings was not dis-
turbed by O3, therefore indicating the utilization of carbon
for active defense instead of storage compounds (Meyer et
al. 1997; 2000; Fares et al. 2006).
O3 flux into the leaves largely depends on gs, as supported
by our results (Tables 1 and 4), and on the number and di-
mension of stomata (Castagna and Ranieri 2009). Low sto-
matal conductance can effectively restrict O3 access into the
leaves (Fiscus et al. 2005; Kangasjärvi et al. 2005), but also
stomatal density may control O3 uptake and thus be involved
in O3 tolerance (Pääkkönen et al. 1996; Zouzoulas et al.
2009). Two-week-old oat seedlings had higher stomatal den-
sities compared with wheat, but the difference was no longer
observed with older seedlings (Table S41; Table 5). However,
100 nL·L–1 O3 tended to reduce stomatal density in 4-week-
old seedlings, which could indicate structural acclimation to
restrict O3 access into the leaves (Evans et al. 1996). There-
fore, the need of the seedlings to balance between effective
gas exchange and O3 defense may affect stomatal function
and density in leaves under O3 exposure. In addition, changes
in the amount of mitochondria and peroxisomes were de-
tected in both species (Table S41; Table 5). These cell organ-
elles are governed by antioxidative systems, which effectively
attenuate oxidative stress at O3 exposure resulting in O3 de-
toxification (Apel and Hirt 2004; Jaleel et al. 2009). Our re-
sults suggest that the defense systems of mitochondria and
peroxisomes were active in young oat and wheat seedlings,
while other defense mechanisms may have replaced the mito-
chondrial and peroxisomal defense in the older oat seedlings.
Differences between the studied cultivars potentially
showed different strategies for coping with O3 stress. High gs
of wheat 'Manu' may partly explain its high growth rate as
well as the observed visible O3 injuries in the leaves (Tables 1
and 3). Moreover, O3-caused increase in the proportion of in-
tercellular space in 4-week-old wheat 'Manu' (cf. wheat 'An-
niina') (Table 5) may ensure efficient gas exchange, but this
can also promote O3 diffusion inside the leaf. Detoxification
capacity of a plant may be linked to the internal structure of
the leaves, and the amount of cell surface available to interact
with O3 might be an important leaf characteristic in the in-
jury process (Pääkkönen et al. 1995; Bäck et al. 1999; Bus-
sotti 2008). Thus, O3-caused reduction in the amount of
intercellular space in wheat 'Anniina' could be a defense
mechanism to avoid O3 action inside the leaves. O3 has been
Fig. 2. (a) Total emission (ng·g–1 DW·h–1, mean ± SE, n = 5) of (a)
monoterpenes, (b) sesquiterpenes, and (c) other volatile organic
compounds (VOCs) than terpenes green leaf volatiles + methyl sali-
cylate (GLVs + MeSA) from 4-week-old oat (cultivars 'Aarre' and
'Fiia') and wheat (cultivars 'Manu' and 'Anniina') seedlings exposed
to 0, 50, or 100 nL·L–1 O3 concentration.
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reported to reduce thickness of the leaves in sensitive plants
(Pääkkönen et al. 1995; Oksanen et al. 2001), but in this
study, 4-week-old wheat 'Anniina' had significantly thinner
leaves compared with other cultivars despite the treatment
(Table 5), which may facilitate action of O3 inside the leaves
in this cultivar. Increased amount of plastoglobuli in 4-week-
old seedlings of wheat 'Anniina' (Table 5) could be an early
sign of senescence, because thylakoid lipids, such as chloro-
phylls, are accumulated in these chloroplastic organelles dur-
ing leaf senescence (Tevini and Steinmüller 1985; Pääkkönen
et al. 1997b; Lim et al. 2007). However, although these char-
acteristics may be signs of sensitivity, O3-caused enhance-
ment in Pn and the decrease in the proportion of intercellular
space in 4-week-old 'Anniina' could indicate activated de-
fense. Thus our results suggest that also these studied wheat
cultivars may have protective or compensatory mechanisms
against O3 stress.
Oat 'Fiia' showed least visible leaf injuries throughout the
study and 100 nL·L–1 O3 even tended to enhance photosyn-
thesis of 4-week-old 'Fiia' (Tables 1 and 3). The lesser extent
of O3-caused visible injuries in this cultivar might largely be
explained by its low stomatal conductance, and thus lower O3
flux, but higher monoterpene production (see below) may
also strengthen protection (Tables 1 and 4; Fig. 2a). Large
vacuoles in leaf cells of oat 'Fiia' may confirm the role of va-
cuoles in plant detoxification processes (Marty 1999). More-
over, thick leaves, possibly containing, e.g., high amount of
apoplasmic ascorbate capable of suppressing the harmful ef-
fects of O3/ROS, have been suggested to contribute to plant
O3 tolerance (Pääkkönen et al. 1997a; Feng et al. 2010).
Thicker leaves in oat (Table 5) could be one feature improv-
ing its adaptation to rising O3 levels.
Significance of VOCs in plant O3 tolerance
Plant-emitted VOCs apparently are involved in several
abiotic and biotic stresses. Monoterpenes, similarly to iso-
prene, have been shown to protect plants from O3 damage
possibly by stabilizing thylakoid membranes of the chloro-
plasts or by reacting with oxidative molecules, such as O3/
ROS (Loreto and Velikova 2001; Loreto et al. 2004; Vickers
et al. 2009). In this study, oat 'Fiia', which exhibited less O3-
mediated visible injuries, was found to be a monoterpene
Table 8. Emission of individual monoterpenes and other volatile organic compounds (VOCs) than terpenes green leaf volatiles +
methyl salicylate (GLVs + MeSA) (ng ·g–1 DW h–1, mean ± SE, n = 5) from 4-week-old oat (cultivars 'Aarre' and 'Fiia') and wheat
(cultivars 'Anniina' and 'Manu') seedlings exposed to 0, 50, or 100 nL·L–1 O3 concentration.
Oat Wheat
Compounds O3 Treatment 'Aarre' 'Fiia' 'Anniina' 'Manu'
Monoterpenes
a-Pinene 0 nL·L–1 0.1±0.1 0.1±0.1 0.2±0.1 0.1±0.1
50 nL·L–1 0.2±0.2 <0.1±0.0 0.5±0.5 0.1±0.1
100 nL·L–1 0.7±0.2 1.3±0.3 1.5±0.1 1.5±0.6
b-Myrcene 0 nL·L–1 1.9±0.3 3.2±0.3 0.2±0.1 0.1±0.1
50 nL·L–1 2.1±0.1 5.5±1.1 0.4±0.3 nd
100 nL·L–1 1.3±0.2 4.3±0.7 0.3±0.3 nd
Limonene 0 nL·L–1 5.0±1.0 3.7±0.8 2.6±0.8 1.8±0.8
50 nL·L–1 5.4±0.4 5.0±1.4 4.6±1.2 2.8±0.5
100 nL·L–1 3.5±0.6 4.6±0.7 3.2±0.7 3.0±0.9
1,8-Cineole 0 nL·L–1 0.4±0.2 0.2±0.2 0.5±0.3 0.3±0.2
50 nL·L–1 0.4±0.3 0.4±0.2 0.6±0.4 0.3±0.2
100 nL·L–1 0.3±0.3 0.3±0.3 nd 1.1±0.7
Linalool 0 nL·L–1 1.2±0.7 22.4±3.0 nd 0.3±0.3
50 nL·L–1 0.7±0.7 35.8±6.0 2.4±1.5 2.7±1.4
100 nL·L–1 2.3±1.0 29.9±6.6 0.9±0.9 nd
Other VOCs than terpenes
(Z)-3-Hexenol 0 nL·L–1 28.1±5.5 20.3±5.8 32.5±9.6 28.9±8.3
50 nL·L–1 22.7±4.2 11.6±1.1 43.9±15.3 31.6±4.8
100 nL·L–1 14.0±5.7 9.6±2.1 3.6±2.2 20.8±4.2
1-Octen-3-ol 0 nL·L–1 0.5±0.2 0.5±0.2 2.9±0.9 28.9±8.3
50 nL·L–1 0.2±0.2 0.1±0.1 4.4±1.6 31.6±4.8
100 nL·L–1 nd nd 17.6±4.6 20.8±4.2
(Z)-3-Hexenyl acetate 0 nL·L–1 255.7±61.5 184.9±61.6 376.3±152.6 394.1±150.6
50 nL·L–1 208.3±24.7 125.2±13.5 580.6±179.5 470.4±87.4
100 nL·L–1 274.4±155.8 183.5±58.4 125.0±48.9 119.4±48.1
Nonanal 0 nL·L–1 7.0±2.9 8.0±4.4 10.6±4.6 2.8±1.2
50 nL·L–1 10.3±4.7 5.9±3.3 10.6±2.7 6.0±2.1
100 nL·L–1 nd 1.6±1.6 10.2±9.0 2.2±2.2
Methyl salicylate 0 nL·L–1 0.9±0.4 1.5±0.3 nd nd
50 nL·L–1 0.6±0.4 1.0±0.3 nd nd
100 nL·L–1 0.2±0.2 0.5±0.2 nd nd
Note: nd, not detected.
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emitter (Fig. 2a), thus potentially implying to the protective
role of these compounds. Oat 'Fiia' was also the slowest
growing cultivar, which might suggest that this cultivar in-
vested in efficient defense, such as monoterpene production,
instead of growth. Enhanced monoterpene emission from 4-
week-old seedlings, especially from 'Fiia', under O3 exposure
might further confirm that monoterpenes can serve as protec-
tive agents against O3-induced oxidative stress.
Wheat 'Anniina' was a sesquiterpene emitter (Fig. 2b).
Slow growth of this cultivar, combined with high rate of pho-
tosynthesis and high emission rate of sesquiterpenes, implies
that instead of growth, assimilated carbon was used for other
purposes, such as sesquiterpene production. The precise sig-
nificance of these compounds is still under investigation, but
there are signs that high sesquiterpene emission might rather
be related to sensitivity than tolerance of plants to abiotic
stresses, including O3 (Heiden et al. 1999). Moreover,
100 nL·L–1 O3 decreased sesquiterpene emission from 4-
week-old wheat 'Anniina', potentially implying that the pre-
cursors for sesquiterpene synthesis could have been used for
production of other compounds, such as antioxidative carote-
noids, to reduce oxidative stress in the leaves (Behnke et al.
2009; Vickers et al. 2009). Alternatively, sesquiterpenes, as
reactive compounds (Kesselmeier and Staudt 1999; Atkinson
and Arey 2003), may have already reacted in the leaf inter-
cellular spaces with ROS before being emitted.
In addition to terpenes, several GLVs and methyl salicylate
(MeSA) were detected from the plant emissions (Table S71;
Table 8; Fig. 2c). Only oat emitted MeSA, which is the vola-
tile counterpart of salicylic acid and an important signal mole-
cule in herbivore- and pathogen-infected plants (Heiden et al.
1999; Laothawornkitkul et al. 2009). O3 was found to decrease
MeSA emission, which was contrary to Heiden et al. (1999),
who reported increased MeSA emission in O3 sensitive to-
bacco cultivar (Nicotiana tabacum L. cv. Bel W3), thus intro-
ducing a possible relationship between induced MeSA
emission and O3 sensitivity. Potentially, salicylic acid could be
required for cellular signalling processes to activate defense
mechanisms inside the plant under oxidative stress (Kangas-
järvi et al. 2005; Castagna and Ranieri 2009), thus partially
explaining the reduced MeSA emission from oat in this study.
High GLV emission is primarily related to leaf damage caused
by various abiotic and biotic stresses, and therefore has been
considered as a sign of sensitivity (Heiden et al. 1999; Loreto
et al. 2006). In this study, oat cultivars emitted significantly
less GLVs than wheat, and particularly low emission rate of
cultivar 'Fiia' corresponded with its minor amount of visible
leaf injuries. O3-caused increase in GLV emission has been
linked to the damage of membrane lipids and formation of
visible injuries (Heiden et al. 1999, 2003; Vitale et al. 2008),
while reduced emission, as observed in wheat exposed to
100 nL·L–1 O3 in this study, might indicate the utilization of
GLV precursors, i.e., linoleic and linolenic acids, for other pur-
poses, such as strengthening the membrane lipids in O3-
stressed plants (Murphy 1993; Matsui 2006).
Conclusions
Identification of O3 tolerant crop cultivars is important for
improving food security under changing climate. In this
study, neither oat nor wheat was found to be a particularly
O3 sensitive crop species, but O3 sensitivity should rather be
determined on the basis of the characteristics of the cultivars
within species. O3-caused disturbance in photosynthetic proc-
esses in the younger seedlings, but not in the older ones, may
indicate activation of protection mechanisms in the older
seedlings. Efficient photosynthetic capacity in wheat may
provide resources also for O3 defense and compensation. The
lesser extent of visible leaf injuries in oat 'Fiia' could mostly
be explained by its low stomatal conductance, and thus lower
O3 flux, and high monoterpene production. O3 tolerance of
plants seems to be composed of several factors, apparently
also involving emission of VOCs and various leaf structural
characteristics, such as formation of thick leaves and low
amount of intercellular space. Thus, all the studied cultivars
may possess some protective mechanisms against O3 stress,
and the efficiency to utilize these defense strategies could de-
termine O3 tolerance of the cultivars.
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Summary Northern forest trees are challenged to adapt
to changing climate, including global warming and
increasing tropospheric ozone (O3) concentrations. Both
elevated O3 and temperature can cause significant changes
in volatile organic compound (VOC) emissions as well as
in leaf anatomy that can be related to adaptation or
increased stress tolerance, or are signs of damage. Impacts
of moderately elevated O3 (1.3· ambient) and tempera-
ture (ambient + 1 �C), alone and in combination, on
VOC emissions and leaf structure of two genotypes (2.2
and 5.2) of European aspen (Populus tremula L.) were
studied in an open-field experiment in summer 2007. The
impact of O3 on measured variables was minor, but
elevated temperature significantly increased emissions of
total monoterpenes and green leaf volatiles. Genotypic
differences in the responses to warming treatment were
also observed. a-Pinene emission, which has been sug-
gested to protect plants from elevated temperature,
increased from genotype 5.2 only. Isoprene emission
from genotype 2.2 decreased, whereas genotype 5.2 was
able to retain high isoprene emission level also under
elevated temperature. Elevated temperature also caused
formation of thinner leaves, which was related to thinning
of epidermis, palisade and spongy layers as well as
reduced area of palisade cells. We consider aspen geno-
type 5.2 to have better potential for adaptation to
increasing temperature because of thicker photosynthetic
active palisade layer and higher isoprene and a-pinene
emission levels compared to genotype 2.2. Our results
show that even a moderate elevation in temperature is
efficient enough to cause notable changes in VOC
emissions and leaf structure of these aspen genotypes,
possibly indicating the effort of the saplings to adapt to
changing climate.
Keywords: a-Pinene, epidermis, green leaf volatiles,
isoprene, leaf anatomy, mesophyll tissue, microscopy,
monoterpenes.
Introduction
Northern forest trees are undergoing significant changes in
their environment due to continuously increasing tropo-
spheric ozone (O3) concentration and global warming
(IPCC 2007, The Royal Society 2008). O3, which is formed
in the troposphere by photochemical reactions from pri-
mary precursors of nitrogen oxides (NOx) and volatile
organic compounds (VOCs), is considered to be the most
phytotoxic gaseous pollutant to forest trees and other
plants in both rural and urban areas (Mauzerall and Wang
2001, Ashmore 2005, Sitch et al. 2007). O3 concentration
has more than doubled since preindustrial times and contin-
ues to rise at the annual rate of 0.5–2% because of increases
in anthropogenic NOx and VOC emissions (Vingarzan
2004). Modern day ambient O3 concentrations in the
Northern Hemisphere range approximately between 20
and 45 ppb, but acute O3 peaks exceeding 120 ppb are also
regularly observed (Vingarzan 2004, Hjellbrekke 2008).
Although O3 concentrations in northern Europe are rather
low, plants in higher latitudes are often more sensitive to O3
than that in southern Europe due to longer summer days
and cooler and more humid climate, all of which promote
stomatal conductance and O3 uptake (Emberson et al.
2000, Karlsson et al. 2005, Matyssek et al. 2007). Over
the last 100 years, the global mean temperature has
increased by about 0.74 �C because of increasing anthro-
pogenic greenhouse gas (GHG) emissions (IPCC 2007).
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Global GHG emissions due to human activities have risen
up to 70% since 1970, and a 25–90% increase in these emis-
sions between 2000 and 2030 has been projected. During
this century, global temperature has been predicted to rise
by 2–5 C, the increase being even greater at northern lati-
tudes (IPCC 2007).
Once O3 enters the leaf through stomata, it is rapidly
degraded in the apoplast and excess reactive oxygen species
(ROS) are formed and accumulated, which can cause cellu-
lar damage (e.g., degradation of lipids and proteins) and
adversely affect plant growth and production (Laisk et al.
1989, Kanofsky and Sima 1995, Fuhrer and Booker
2003). Also, elevated temperature has been shown to induce
excess ROS formation and oxidative stress in plants (Wahid
et al. 2007). Oxidative stress is one of the key mechanisms
explaining the negative effects, including accelerated senes-
cence, decreased photosynthetic efficiency and cellular inju-
ries, observed in forest trees and other plant species that are
exposed to elevated O3 (Pa¨a¨kko¨nen et al. 1998, Yamaji
et al. 2003, Oksanen et al. 2005) and moderately increased
temperatures (Higuchi et al. 1999, Velikova and Loreto
2005, Wahid et al. 2007). Therefore, the capacity of a plant
to respond to oxidative stress is an important factor
involved in the tolerance of a plant against elevated O3
and temperature.
In general, plant responses to O3 and increasing temper-
ature are dependent on intensity and duration of the expo-
sure, plant species, genotype and developmental stage of
the plant. In addition, various external environmental fac-
tors, such as availability of water and nutrients (Mauzerall
and Wang 2001, Fiscus et al. 2005, Wahid et al. 2007), fur-
ther influence the function of stomata as well as the detox-
ification and repair processes within a plant (Wieser and
Matyssek 2007). Also, leaf structural characteristics, such
as changes in leaf thickness and proportion of intercellular
space, may indicate tolerance or sensitivity of a plant
against these stresses. Thicker leaves and reduced propor-
tion of intercellular space have been suggested to imply
O3 tolerance (Evans et al. 1996, Pa¨a¨kko¨nen et al. 1997),
whereas thinner leaves, lower palisade to spongy ratio
and increased amount of intercellular space rather indicate
O3 sensitivity (Evans et al. 1996, Oksanen et al. 2001b,
2004). Also, warming treatment has been reported to
induce anatomical alterations, such as thinning of the leaves
and formation of thinner palisade and spongy layers
(Higuchi et al. 1999), but the importance of these changes
in stress tolerance has not been assessed yet.
Recent studies have evidenced that plant-emitted VOCs
may have a significant protective role against biotic and
abiotic stresses (Holopainen 2004, Rennenberg et al.
2006). Especially, isoprenoids (isoprene and monoterpenes)
have been suggested to protect plants from elevated O3
(Loreto and Velikova 2001, Loreto et al. 2004) and increas-
ing temperature (Loreto et al. 1998, Velikova and Loreto
2005). Plants also emit several other volatiles, including
lipoxygenase-pathway derived compounds, commonly
referred to as green leaf volatiles (GLVs). GLVs are mainly
released after mechanical tissue damage and herbivory, but
O3 and elevated temperature can affect these emissions as
well (Heiden et al. 1999, Loreto et al. 2006, Pinto et al.
2007). In addition to signalling and defensive processes
within and between the plants (Holopainen 2004), plant-
emitted VOCs also have an important influence on air
chemistry processes, e.g., by affecting O3 concentrations
(Ryerson et al. 2001) and secondary aerosol formation
(Atkinson and Arey 2003) in the troposphere.
European aspen (Populus tremula L.) is one of the most
widespread tree species in Europe and it constitutes an
important part of forest ecosystems. Moreover, aspen is
known to be an isoprene emitter (Monson and Fall 1989,
Hakola et al. 1998). Because of its O3 sensitivity and broad
geographic range, aspen has been commonly used as an O3
indicator plant (Yun et al. 2001). However, as with other
plant species, variation in O3 sensitivity between aspen
genotypes exists (Oksanen et al. 2001a, Calfapietra et al.
2008, Ha¨ikio¨ et al. 2009), but the sensitivity of aspen to ele-
vated temperature is not well known. This open-field exper-
iment was conducted to uncover the impact of moderately
elevated O3 and temperature alone and in combination on
leaf structure and VOC emission of two aspen genotypes,
because both targets are known to be modified by O3 and
temperature (e.g., Higuchi et al. 1999, Loreto et al. 2004,
Oksanen et al. 2005, Velikova and Loreto 2005), but their
relationship is poorly understood. On the basis of the pos-
sible changes in VOC emissions and leaf structure, the aim
of this study was to assess if a moderate elevation in O3
concentration and temperature is efficient enough to trigger
defence responses or to cause negative effects implying sen-
sitivity of these aspen genotypes. According to our hypoth-
eses: (1) both elevated O3 and elevated temperature increase
VOC emissions of aspen, (2) elevated O3 and temperature
cause alterations in leaf structure, (3) these changes in
VOC emissions and leaf structure, depending on the direc-
tion of the change, indicate tolerance or sensitivity of aspen
to elevated O3 and temperature, (4) elevated temperature
modifies O3 responses of aspen and (5) differences in
responses to O3 and elevated temperature between the
aspen genotypes exist.
Materials and methods
Study site, plant material and growth conditions
An open-field experiment was established at the University
of Kuopio experimental area (Karnosky et al. 2007) in cen-
tral Finland (62530 N and 27370 E; 80 m a.s.l), in 2007.
Two European aspen genotypes (2.2 and 5.2) were exposed
to elevated O3 or elevated temperature or both for one
growing season. The parent trees of these genotypes, origi-
nating from Palpanniemi and Ristiina (southern Finland),
were randomly selected from typical southern Finnish
forests for this experiment. Thus, these genotypes represent
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typical naturally regenerated aspen populations from
Finnish forests, and in our previous chamber study they
showed clear responses to increasing nighttime tempera-
tures in growth, VOC emissions and related gene expres-
sions (Ibrahim et al. unpublished). O3 sensitivity of these
genotypes, however, has not been studied earlier. Micro-
propagated saplings (about 15 cm high) were transferred
to the experimental area, and well-rooted and vigorous sap-
lings were transplanted in 10-l pots (ø 30 cm) in a mixture
of B2 Sphagnum peat (Kekkila¨) and refined sand (granule
size 0.5–1.2 mm, Maxit Oy Ab Hiekkatuote) (2:1 v/v),
and the pots were submerged into the soil on 22 May 2007.
The experimental area consisted of four elevated O3 plots
(average elevation: 1.3· ambient O3, between 4 June and 31
August) and four ambient O3 plots (serving as controls),
and each plot (ø 10 m) was divided into infrared-heated
(average elevation: ambient + 1 �C, between 6 June and
31 August) and ambient temperature subplots (Table 1).
The potted saplings (five saplings per genotype per treat-
ment, 160 saplings in total) were designated randomly into
the subplots, and extra saplings of various genotypes were
placed around the saplings to protect the experimental sap-
lings from the possible side effects of wind, etc. The area
between the pots was covered with clay to hinder excess
evaporation of moisture from the soil. O3 was generated
from pure oxygen using an ozone generator (Ozone Gener-
ator G21, Pacific Ozone Technology Inc., Brentwood, CA)
and released into the elevated O3 treatment plots through
vertical perforated tubes as described in Karnosky et al.
(2007). O3 concentrations were constantly monitored
(Table 1) at 1.5 m height from the centre of each plot using
three UV photometric ozone analysers (Model 1008-RS,
Dasibi Environmental Corp., Glendale, CA; Model O342
Module, Environnement S.A., Poissy). The O3 fumigation
was run 14 h day1 (from 08:00 to 22:00 h) during the
study period, 7 days a week, except during rain or very high
or low wind velocities, or if the ambient O3 concentration
was below 10 ppb. Warming treatment (24 h day1) was
realized using IR-heaters (Model Comfortintra CIR
105–220, 230–400 V, Frico AB, Sweden), one heater
installed 70 cm above the canopy in the middle of each
warming treatment subplot. IR-heaters were lifted during
the growing season to keep the distance between the heater
and the canopy constant. In the middle of each ambient
temperature subplot, a wooden bar of the same size, shape
and colour as the IR-heaters was installed 70 cm above the
canopy to provide the same shading conditions as in the ele-
vated temperature subplots. Each plot was also continu-
ously monitored for wind speed and direction
(Anemometer A100; Windvane W200, Vector Instruments)
and each subplot for relative humidity (RH) (HMP 35 A,
Vaisala) and temperature (Humiter 50Y, Vaisala) within
the canopy (15 cm below the top of the canopy) (Table 1)
and in the soil. The monthly precipitation was 55 mm in
June (Vena¨la¨inen et al. 2007a), 113 mm in July (Vena¨la¨inen
et al. 2007b) and 56 mm in August (Vena¨la¨inen et al. 2007c)
2007. Saplings were watered when necessary with lake
water and fertilized once a week (between 20 June and 17
July) with Kekkila¨ Superex (19.4% N, 5.3% P, 20% K
and 0.2% Mg), which resulted in a total dose of
33 kg N ha1 a1.
Collection of VOCs
Volatiles emitted in the foliage of about 100-cm high aspen
saplings were nondestructively collected from the field
between 23 and 26 July 2007 using the headspace collection
technique using polyethylene terephthalate cooking bags
(45 · 55 cm) and a special toolbox designed for field work.
Three vigorous saplings per genotype per treatment (96 col-
lections in total) were randomly selected for collections. The
top of the sapling (about 50 cm from the upper part of the
sapling) was enclosed in a precleaned (120 �C, 60 min)
cooking bag, and the open end of the bag was gently tied
around the stem with a shutter. Ozone-free air (Ozone
Scrubber Cartridge, Environnement S.A., France) purified
with activated carbon (Wilkerson F03-C2-100, Mexico)
entered the bottom of the bag via tubing at a rate of 600 ml
min1 and after an adjustment period the air flow was
changed to 300 ml min1. An outlet for the sampling tube
was made at the upper corner of the collection bag by cut-
ting a small hole in the corner. The sample was pulled
through a purified stainless steel tube [Perkin Elmer,
ATD sample tubes, filled with about 100 mg Tenax TA
and 100 mg Carbopack B adsorbents (Supelco, mesh
60/80)], attached to the corner of the bag using a shutter,
Table 1. Monthly mean, minimum (min.) and maximum (max.) daily values for O3 concentrations (14 h day
1) and temperatures
(24 h day1) calculated from hourly mean values in ambient/elevated O3 (between 4 June and 31 August) and ambient/elevated
temperature (between 6 June and 31 August) treatments.
O3 treatment Temperature treatment
Ambient O3 (ppb) Elevated O3 (ppb) Ambient T (�C) Elevated T (�C)
June July August June July August June July August June July August
Mean 27.5 23.7 26.2 36.7 28.7 32.3 15.6 17.5 17.1 16.7 18.6 18.0
Min. 15.6 11.3 16.0 12.7 7.3 13.3 11.7 14.1 8.9 12.5 15.0 9.6
Max. 38.8 32.1 37.6 56.6 49.9 45.3 23.4 21.0 22.3 23.9 22.4 22.9
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with a vacuum pump (Thomas 5002 12 V DC) at the rate of
200 ml min1 for 30 min. The samples were collected from
the ambient temperature and elevated temperature subplots
at the same time for the same genotype. Volatiles were also
collected from empty collection bags used as blank samples.
The air flows were calibrated daily with a mini-Buck calibra-
tor (Model M-5, A.P. Buck, Inc., Orlando, FL). Simulta-
neously with VOC collections, temperature and RH were
monitored inside the bags and photosynthetically active
radiation (PAR) was monitored inside an empty collection
bag using sensors of a data logger (Hobo Micro Station,
Onset Computer Corp., Bourne, MA). The sample tubes
were sealed with Teflon-coated brass caps immediately after
the collection and stored refrigerated until analysis.
VOC samples were analysed using GC–MS (Hewlett
Packard GC type 6890, MSD 5973, Beaconsfield, UK).
Compounds trapped to the adsorbent were desorbed
(Perkin Elmer ATD400 Automatic Thermal Desorption
System) at 250 �C for 10 min, cryofocused in a cold trap
at 30 �C and subsequently injected onto an HP-5 capil-
lary column (50 m · 0.2 mm i.d. · 0.33 lm film thickness,
J&W Scientific, Folsom, CA). The temperature program
was 40 �C for 1 min, followed by increases of 5 �C min1
to 210 �C and 20 �C min1 to 250 �C. The carrier gas
was helium. Isoprene, mono- and sesquiterpenes and GLVs
were identified by comparing the mass spectra of com-
pounds with those in the Wiley library and pure standards.
For the quantification of the emissions, commercially avail-
able reference substances were used. To normalize the VOC
results (i.e., to remove the effect of the collection bag),
VOCs collected from the empty collection bag were
reduced from the plant-emission results. The compounds
(E)-2-hexenal and (Z)-3-hexenol were not separated by
the HP-5 column, and thus combined emission of these
two compounds is presented. As temperature and PAR
both strongly affect the isoprene emission rate, isoprene
emission was also calculated as standardized emission rate
at the temperature of 30 �C and PAR of 1000 lmol m2
s1 using the algorithm established by Guenther et al.
(1993). After VOC collections, the leaves that were inside
the bag during the collection were nondestructively grouped
into three different size classes; the number of leaves in each
size class was calculated and one medium-sized leaf from
each size class was photographed using a digital camera
(Nikon Coolpix, Tokyo, Japan) to receive the total leaf area
used in VOC collections. Pictures were taken in the field
from intact leaves using millimetre paper as a background
to define the scale. The total leaf area was calculated from
the pictures by ImageJ program (Version 1.38) and VOC
emission results were expressed as ng cm2 h1.
Light microscopy
Samples for anatomical investigations were collected on 6
August 2007 from fully expanded leaves of the same trees
as used in VOC collections by selecting one sun-orientated
leaf per tree (96 samples in total) from the top of the sap-
ling. Strips (5 mm) were cut from the middle of the leaf,
perpendicularly to central midrib and placed immediately
in cold 2.5% (v/v) glutaraldehyde fixative (in 0.1 M phos-
phate buffer, pH 7.0). In the laboratory, 1.5 mm2 pieces
were cut from the strips under fixative solution using a
razor blade and stored in glutaraldehyde fixative at 4 �C
overnight. Leaf samples were rinsed with phosphate buffer,
postfixed in 1% buffered OsO4 solution, dehydrated with
an ethanol series followed by a propylene oxide treatment
and embedded in epon (Ladd LX112).
For light microscopy, 1-lm sections were cut from the
samples using an ultramicrotome [Reichert–Jung Ultracut
E, Hernalser Hauptstr. 219 A-1171 Wien, Austria, Diato-
men histo-knife (Hi 4967)] and stained with toluidine blue.
The leaf samples on slides were studied under the light
microscope (Zeiss, Axiolab, Oberkochen, Germany), and
two areas between bundle sheaths from each sample were
selected at random for digital photographing at 40·
objective magnification (Olympus C-5060 Wide Zoom,
Hamburg, Germany). Digital images were analysed for
total leaf thickness, palisade and spongy layer thickness,
thickness of adaxial (upper) and abaxial (lower) epidermis
and mean area of palisade cells with ImageJ (Version
1.38) using standard measurement tools of the program.
The point-counting method was used to calculate the pro-
portion of intercellular space in leaf samples also using
ImageJ (Version 1.38).
Statistical analyses
The main effects of O3, temperature and genotype and their
interactions were studied by linear mixed model procedures
using O3, temperature and genotype as fixed factors and
plot as a random factor. Before analysis, data was aggre-
gated to get plot mean values for temperature treatments
and genotypes. The variables were checked for normality;
and when necessary, logarithmic, square root or 1/square
root transformations were performed to assure the normal
distribution of data. The normality of the residuals was
checked as well. When the data did not meet the assump-
tions, the effects of the treatments on these variables were
analysed using a nonparametric test (Kruskal–Wallis H).
All statistical analyses were performed using SPSS 14.0
for Windows statistical package (SPSS Inc., Chicago, IL).
Differences were considered significant at P < 0.05 level
and marginally significant at P < 0.10 level.
Results
VOC emissions
The major compound emitted by both aspen genotypes was
isoprene, but GLVs [consisting of (E)-2-hexenal + (Z)-3-
hexenol, (Z)-3-hexenyl acetate and nonanal] and a minor
amount of monoterpenes [consisting of a-pinene, sabinene,
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b-pinene, b-myrcene, (Z)-ocimene and 1,8-cineole] were
also detected (Figure 1). Neither of the genotypes was
found to emit sesquiterpenes. Isoprene emission accounted
for 81–99%, monoterpenes < 1% and GLVs 1–19% of the
total emission, depending on the genotype and the treat-
ment. There were no significant effects of O3 on any of
the compounds, but the impact of elevated temperature
on the emission of monoterpenes and GLVs was clear
(Figure 1).
Elevated temperature did not have a significant main
effect on isoprene emission, but there was a marginally sig-
nificant interaction between the aspen genotypes and tem-
perature: in elevated temperature isoprene emission from
genotype 2.2 decreased, while in genotype 5.2 isoprene
emission remained at a high level also in elevated tempera-
ture (Figure 1A). However, this was no longer found when
isoprene emission rate was calculated as standardized emis-
sion (Figure 1B). Emission rates of the genotypes differed
by genotype 5.2 emitting significantly more isoprene than
genotype 2.2 (Figure 1A and B).
Elevated temperature was found to increase total mono-
terpene (compounds given above) emission, so that when
genotypes were pooled, saplings emitted monoterpenes
almost three times more in elevated temperature than in
ambient temperature (Figure 1C). The total monoterpene
emission rate differed between the genotypes by genotype
5.2 emitting about 50% more monoterpenes than genotype
2.2 (Figure 1C). There was a genotype and temperature
interaction in a-pinene emission showing significantly
increased a-pinene emission from genotype 5.2 at elevated
temperature, but not from genotype 2.2 (P = 0.006). In
addition, although emission rates were low, genotype 5.2
emitted almost three times more a-pinene than genotype
2.2 (P = 0.002).
Elevated temperature significantly affected total GLV
(compounds given above) emission, total emission being
almost four times higher in elevated temperature than in
ambient temperature (Figure 1D). When individual com-
pounds were analysed, (E)-2-hexenal + (Z)-3-hexenol
(P < 0.001) emission was over three times higher and
(Z)-3-hexenyl acetate (P < 0.001) emission almost five
times higher in elevated temperature compared to emissions
of aspen saplings grown in ambient temperature.
Leaf structural changes
Leaf areas (determined by comparing mature leaves from
images taken for VOC emission calculations) were signifi-
cantly affected by temperature and genotype, so that ele-
vated temperature increased leaf areas by even 29%, and
genotype 2.2 had 22% larger leaves compared to genotype
5.2 (Tables 2 and 3).
There were no significant main effects of elevated O3 on
leaf structure in this study, but leaf structural characteristics
were significantly affected by elevated temperature
(Table 3). The main effect of elevated temperature appeared
Figure 1. (A) Nonstandardized iso-
prene, (B) standardized isoprene, (C)
total monoterpene and (D) total GLV
emission rate (ng cm2 h1) (mean ±
SE) from aspen genotypes (2.2 and 5.2)
(n = 4) exposed to ambient/elevated O3
and ambient/elevated temperature for
one growing season. AO, ambient O3;
EO, elevated O3. Statistically significant
differences (P) are shown for T, tem-
perature; GT, genotype and their
interactions.
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as 9% thinner leaves (Figure 2), which was mostly
explained by 10% thinner palisade and 8% thinner spongy
layers as well as 14% smaller area of palisade cells com-
pared to saplings grown in ambient temperature (Tables 2
and 3). The proportion of intercellular space in the palisade
layer was low, but elevated temperature increased it by
21% (Tables 2 and 3). Elevated temperature also reduced
the thickness of adaxial epidermis by 3% and abaxial epi-
dermis by 8% (Tables 2 and 3). The thinning of abaxial epi-
dermis due to elevated temperature was observed in leaves
of both aspen genotypes, but the impact of elevated temper-
ature was stronger in genotype 5.2 (Tables 2 and 3). An
O3 · temperature interaction showed that leaves exposed
to elevated O3 had significantly thicker adaxial epidermis,
whereas elevated temperature reduced the impact of O3
(Tables 2 and 3).
Differences between the aspen genotypes appeared as
genotype 2.2 having 3% thicker adaxial epidermis, 8%
thicker spongy layer and 42% more intercellular space in
palisade layer than genotype 5.2 (Tables 2 and 3). The pro-
portion of intercellular space in the spongy layer was mark-
edly higher than that in the palisade layer, but genotype 2.2
had 27% more intercellular space also in the spongy layer
compared to genotype 5.2 (Tables 2 and 3). However, geno-
type 5.2 was found to have 4% thicker abaxial epidermis
and 8% thicker palisade layer than genotype 2.2 (Tables
2 and 3).
Discussion
In this open-field experiment, the effect of elevated temper-
ature on both VOCs and leaf anatomy was clear and signif-
icant, whereas changes due to elevated O3 were minor. The
impact of O3 occurred in one interaction. The insignificant
effect of O3 presumably results from exceptionally rainy
July 2007 (Vena¨la¨inen et al. 2007b, FMI 2008), which led
to only slight elevation of O3. In this study, the O3 elevation
was only 1.3· ambient, the average of ambient O3 concen-
tration between June and August being about 26 ppb,
which is lower than ambient O3 levels in many parts of
Finland (Hjellbrekke 2008). Hence, it is possible that clearer
changes in VOC emissions and leaf structure caused by O3
would have occurred in more typical summer weather con-
ditions with higher O3 concentration.
Elevated temperature affected VOC emission by increas-
ing total monoterpene and GLV emissions of both aspen
genotypes. In contrast, isoprene emission tended to
decrease by elevated temperature in genotype 2.2, whereas
genotype 5.2 was able to sustain high isoprene level also
under warming treatment. Isoprene, which covered the
majority of the total emission of aspen in our study, has
been shown to protect plants against elevated temperature
and O3 (Loreto and Velikova 2001, Velikova and Loreto
2005, Sharkey et al. 2008). On the basis of our results,
the aspen genotype 5.2 may be better protected againstT
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elevated temperature partly due to its ability to retain a
high isoprene emission rate in warming treatment. Corre-
spondingly, the capacity to maintain higher amounts of iso-
prene was interpreted as one factor characterizing O3
tolerance of aspen (Calfapietra et al. 2008). It has been pro-
posed that isoprene production helps photosynthesis to
cope with high temperatures presumably by stabilizing
lipid–lipid, lipid–protein or protein–protein interactions,
particularly in thylakoid membranes of chloroplasts (Sings-
aas et al. 1997, Sharkey et al. 2001, Rennenberg et al. 2006).
Moreover, isoprene is known to be one of the most effective
antioxidants in plants and it may confer protection by scav-
enging oxygen radicals (Loreto and Velikova 2001, Sharkey
and Yeh 2001). However, it is not known if the protection is
offered only by a single compound, isoprene, or if the
defence is achieved by the wider spectrum of isoprenoids.
Monoterpenes have been suggested to function in a sim-
ilar way as isoprene by stabilizing cell membranes or by
reacting with reactive molecules, such as ROS, caused by
both O3 and elevated temperature (Loreto and Velikova
2001, Loreto et al. 2004). The possible role of these
isoprenoids as antioxidants can further contribute to the
maintenance of membrane integrity. High temperatures
(25–50 �C) increase monoterpene emission from different
tree species (e.g., Loreto et al. 1998, Pen˜uelas and Llusia`
2002, Filella et al. 2007), but our results show that monoter-
pene production increased even under slightly elevated
temperature. Also Sallas et al. (2003) detected increased
monoterpene concentration in needles of Scots pine (Pinus
sylvestris L.) and Norway spruce [Picea abies (L.) Karst.]
grown in elevated temperature (ambient + 4 �C). Reduced
monoterpene emission due to fosmidomycin (inhibitor of
monoterpene synthesis) feeding led to reduced leaf resis-
tance to low temperatures, suggesting that monoterpene
emission might improve tolerance over a broad temperature
range (Copolovici et al. 2005). In our study, elevated tem-
perature significantly increased a-pinene emission from
genotype 5.2. Copolovici et al. (2005) showed that a-pinene
fumigation of oak (Quercus ilex L.) improved leaf resistance
to elevated temperature and our study seems to be in line
with it. Overall, genotype 5.2 emitted significantly more
monoterpenes than genotype 2.2, but warming treatment
was found to increase monoterpene emission from both
genotypes. However, due to a slight elevation in tempera-
ture, it is not certain if this increase in monoterpene emis-
sion is related to defence responses against oxidative
stress or if it is only a sign of activated metabolism.
GLVs are important molecules for signalling within and
between plants, and production of these compounds results
in various plant defence responses (Matsui 2006). Major
GLVs emitted from plants are commonly (Z)-3-hexenol
and (Z)-3-hexenyl acetate, which was the case also in our
study. GLV emission is often shown to increase under stress
conditions (e.g., mechanical tissue damage, herbivory,
Table 3. Linear mixed model test results (P values) for the main effects and interactions of O3, temperature and genotype on leaf
structural parameters of aspen genotypes 2.2 and 5.2 exposed to ambient/elevated O3 and ambient/elevated temperature for one
growing season. Statistically significant effects (P < 0.05) are marked in bold.
O3 Temperature Genotype O3 ·
temperature
O3 · genotype Temperature ·
genotype
Leaf area 0.199 0.001 0.007 0.765 0.548 0.702
Leaf thickness 0.715 <0.001 0.915 0.517 0.144 0.108
Adaxial (upper) epidermis thickness 0.245 0.051 0.011 0.008 0.239 0.282
Abaxial (lower) epidermis thickness 0.252 <0.001 0.004 0.756 0.900 0.005
Palisade layer thickness 0.333 0.005 0.029 0.944 0.308 0.675
Spongy layer thickness 0.345 0.010 0.012 0.848 0.152 0.257
Palisade cell area 0.820 0.004 0.585 0.702 0.254 0.257
Intercellular space of palisade layer 0.294 0.057 0.002 0.399 0.652 0.181
Intercellular space of spongy layer 0.785 0.236 <0.001 0.923 0.625 0.160
Figure 2. Leaves of aspen genotype 5.2 in
ambient temperature (A) or in elevated
temperature (B). Leaves grown in elevated
temperature were significantly thinner than
those in ambient temperature.
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elevated O3 and elevated temperature), possibly indicating
membrane degradation in plant cells (Shiojiri et al. 2006,
Filella et al. 2007, Vitale et al. 2008). In our study, elevated
O3 did not affect GLV emission, suggesting that the O3 level
in this study was not high enough to cause changes in GLV
emissions or breakdown of cell membranes. Heiden et al.
(2003) reported that a GLV pulse was observed when the
visible symptoms appeared in O3-exposed plants, implying
a relation between GLV emission and leaf injury. GLV
emission increases with temperature (Loreto et al. 2006,
Filella et al. 2007), and our results show that also a slight
elevation in temperature can significantly increase GLV
emission. However, this is presumably not a sign of obser-
vable leaf damage caused by warming stress, suggesting
that GLV emission increases under elevated temperature
also without relation to visible damage.
In leaf structural analyses, elevated temperature caused
formation of significantly thinner leaves, which was related
to thinning of the epidermis and palisade and spongy layers
as well as decreased area of the palisade cells. Moreover, the
leaf area was significantly increased in elevated tempera-
ture. This result is consistent with Higuchi et al. (1999),
who reported development of thinner leaves with larger leaf
area in cherimoya (Annona cherimola Mill.) trees grown in
elevated temperature. Respectively, Boese and Huner
(1990) showed that low temperature resulted in a twofold
increase in leaf thickness in spinach (Spinacia oleracea L.)
due to longer mesophyll cells and thicker palisade layer.
It is assumed that thinner leaves are suppressive for photo-
synthetic efficiency because of thinner photosynthetic active
palisade layer. On the other hand, larger surface area of
leaves is advantageous for light-harvesting processes and
carbon uptake through stomata, which was observed in this
study under elevated temperature (unpublished results).
Therefore, favourable climatic conditions may promote for-
mation of thinner leaves with larger leaf area capable of
maintaining effective photosynthesis and growth, while
under stressful growth conditions the situation can be the
opposite, i.e., thinner leaves being more susceptible to
stresses.
Thinner leaves with larger leaf area may also facilitate the
diffusion and conductance of VOCs from the leaves due to
shorter diffusion pathways (cf. Noe et al. 2008). Thinner
epidermis can increase VOC emission across the leaf epider-
mis and cuticle as well (Kesselmeier and Staudt 1999).
Enhanced VOC emission due to thinner and larger leaves
may have importance in protection e.g., against pollutants,
which can be destroyed by VOCs already outside the leaf,
such as O3 (Kesselmeier and Staudt 1999). Increased
VOC emission also indicates higher VOC concentration
inside the leaf, which may further help photosynthesis to
cope with high temperatures (Singsaas et al. 1997, Sharkey
et al. 2001, Rennenberg et al. 2006).
Surprisingly, O3 has been reported to cause similar struc-
tural changes in birch (Betula pendula Roth.) (Prozherina
et al. 2003, Oksanen et al. 2005) as were observed in aspen
exposed to elevated temperature in our study. It has been
suggested that in thick leaves, containing a great amount
of apoplasmic ascorbate, the detoxification mechanisms
are likely to suppress the harmful effects of O3/ROS before
reaching the palisade tissue, where the main photosynthesis
occurs (Pa¨a¨kko¨nen et al. 1997). Therefore, thinning of the
leaves due to elevated temperature in this study and due
to O3 in earlier studies (Prozherina et al. 2003, Oksanen
et al. 2005) can be a sign of insufficient capacity to respond
to oxidative stress, and this indicates sensitivity rather than
tolerance to these stresses. Thinner leaves in aspen exposed
to elevated temperature may also imply impaired protection
against other stresses because of the lower detoxification
capacity in thinner leaves (cf. Pa¨a¨kko¨nen et al. 1997).
However, the O3 stress was not strong enough to cause
O3 effects in thinner aspen leaves in our study.
In this study, the impact of O3 on leaf structure occurred
through one interaction between O3 and temperature. O3
caused formation of thicker adaxial epidermis, which was
no longer observed when warming stress was added. Also
Pa¨a¨kko¨nen et al. (1995) and Bussotti et al. (2003) reported
changes in adaxial epidermis in O3-exposed plants. The epi-
dermis is the interphase between the plant and the environ-
ment, and thus it is an important site for protection
processes (Bell 1981). Hence, O3-caused thickening of adax-
ial epidermis could be a defence response aiming to reduce
ROS load, e.g., due to high light stress and UV-B radiation
which promote formation of O3-induced visible symptoms
at the upper leaf surface (Wang et al. 2006, Gu¨nthardt-
Goerg and Vollenweider 2007). Thus, the combined effect
of elevated O3 and temperature may have overwhelmed
the capacity of the saplings to maintain this protective fea-
ture offered by thicker adaxial epidermis.
The studied aspen genotypes also showed different poten-
tial for protection against elevated O3 and temperature.
Especially higher VOC emission rates and thicker photo-
synthetic active palisade layer of genotype 5.2 could indi-
cate better ability of this genotype to resist these stresses.
Thicker palisade layer of genotype 5.2 could also partly
explain its higher VOC emissions because it has more syn-
thesizing tissue for VOCs compared to genotype 2.2. In
addition, the thicker abaxial epidermis and lower amount
of intercellular space, which might protect the leaf from
O3/ROS, could confirm the better tolerance of genotype
5.2. However, due to a slight elevation in O3 concentration
and temperature, we cannot exclude the possibility that the
observed changes in VOC emissions and leaf structure of
aspen may indicate only enhanced metabolic activity rather
than activated defence mechanisms.
Conclusions
The present results indicate that even a moderate, impend-
ing elevation in ambient temperature can cause prominent
changes in VOC emission and leaf anatomy in these aspen
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genotypes. In this study, the impact of elevated O3 on VOC
emission and leaf structure was minor, mostly due to low
exposure level during the growing season. Elevated temper-
ature in contrast caused significant alterations in leaf struc-
ture (i.e., thinning of different tissues) and VOC emissions
(i.e., increased total monoterpene and GLV emissions).
Induced VOC synthesis in elevated temperature can
increase defence against oxidative stress inside the leaf.
Although thinner leaves may have less synthesizing tissue
for VOCs, thinning of the leaves due to warming treatment
might further promote VOC emissions from the leaves
because of shorter diffusion pathways and thus enhance
protection against other stresses, such as O3. The aspen
genotype 5.2 showed more potential for protection or adap-
tation to increasing temperature because of thicker palisade
layer and higher VOC emission rates, as well as due to its
ability to sustain high isoprene level and to increase
a-pinene emission under elevated temperature.
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a b s t r a c t
Plants emit a considerable proportion of the carbon fixed by photosynthesis back into the atmosphere
as volatile organic compounds (VOCs). Increasing evidence indicates that these compounds may have
an important role in the adaptation of plants to changing climate, and that VOCs significantly influence
atmospheric processes, such as formation of ozone (O3) and secondary organic aerosols. The effects of
elevated temperature (ambient air temperature +0.8–1 ◦C) and O3 (1.3–1.4× ambient O3), alone and in
combination, on VOC emission, expression of genes related to VOC synthesis, and gas exchange were
studied in four silver birch (Betula pendula Roth) clones grown in an open-air exposure field over two
growing seasons. Photosynthesis and total emissions of mono-, homo- and sesquiterpenes and com-
pounds other than terpenes [green leaf volatiles (GLVs) +methyl salicylate (MeSA)] were significantly
increased and stomatal conductance decreased by temperature increase, while O3 reduced total emis-
sion of GLVs+MeSA and photosynthesis of birch. VOC emission rate corresponded with photosynthesis
rate in the birch clones. Mono- and homoterpenes showed highest emission in August and GLVs+MeSA
in July, whereas gas exchange decreased toward the end of the summer. In contrast to VOC emissions,
transcription of genes encoding 1-deoxy-d-xylulose 5-phosphate synthase (DXS), 1-deoxy-d-xylulose 5-
phosphate reductoisomerase (DXR) and isopentenyl diphosphate (IPP) isomerase at the initial stages of
terpene synthesis pathway was lower at elevated temperature and higher at elevated O3. In conclusion,
rising temperature will substantially increase VOC emissions from silver birch, presumably indepen-
dently from stomatal conductance and partially as a consequence of increased availability of substrates
due to enhanced photosynthesis.
© 2012 Published by Elsevier B.V.
1. Introduction
Increasing temperature and rising ozone (O3) levels seriously
affect many natural ecosystems worldwide (IPCC, 2007; The Royal
Society, 2008). Over the last 100 years, rising concentrations of
greenhouse gases due to burning of fossil fuels and deforestation
have led to approximately 0.74 ◦C increase in themean global tem-
perature, and it has been predicted to further rise by up to 2–5 ◦C
in this century, the increase being even greater at the northern lat-
itudes (IPCC, 2007). Tropospheric O3 is one of the major global air
∗ Corresponding author. Tel.: +358 40 3553201; fax: +358 17 163191.
E-mail address: kaisa.hartikainen@uef.fi (K. Hartikainen).
1 Present address: The Finnish Forest Research Institute, Suonenjoki Research
Unit, FI-77600 Suonenjoki, Finland.
pollutantswith current background concentrations in the northern
Hemisphere being approximately 20–45ppb. Its impact is expected
to become even more important in the future due to increasing
emissions of O3 precursors, nitrogen oxides (NOx) and volatile
organic compounds (VOCs), in the atmosphere (Vingarzan, 2004;
Sitch et al., 2007; The Royal Society, 2008). Both O3 and elevated
temperature can disturb plant growth and production mainly by
causing oxidative stress in the leaf apoplast, and especially pro-
cesses involved in photosynthesis are sensitive to these stresses
(Kangasjärvi et al., 2005; Sharkey, 2005; Wittig et al., 2007).
Plants emit a considerable percentage, even 10%, of the car-
bon fixed by photosynthesis back into the atmosphere as VOCs,
including isoprene, mono- and sesquiterpenes and a number of
compounds derived from the lipoxygenase pathway (green leaf
volatiles, GLVs), isoprene andmonoterpenes being themost promi-
nent ones (Kesselmeier and Staudt, 1999; Atkinson andArey, 2003;
0098-8472/$ – see front matter © 2012 Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.envexpbot.2012.04.014
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Pen˜uelas and Llusià, 2003; Holopainen, 2004). At a global scale,
the emissions of VOCs from plants greatly exceed the emissions
from the anthropogenic sources (Guenther et al., 2000; Pen˜uelas
and Llusià, 2003). In general, the emission of VOCs from vegetation
seems to depend on climatic conditions as well as on plant species
and genotype, and time of the day and season (Kesselmeier and
Staudt, 1999; Laurila et al., 1999; Grote and Niinemets, 2008).
The variability in VOC emissions results from complex inter-
actions between the plant and its environment (Kesselmeier and
Staudt, 1999; Dudareva et al., 2006). From the ecological point of
view, plant-derived VOCs play multiple roles in communication
and protection of plants against several abiotic and biotic stresses
(Holopainen, 2004; Laothawornkitkul et al., 2009). Isoprene and
monoterpenes, in particular, have been shown to provide protec-
tion against elevated temperature (Loreto et al., 1998; Pen˜uelas
et al., 2005; Velikova and Loreto, 2005; Velikova et al., 2009) and
O3 (Loreto and Velikova, 2001; Loreto et al., 2004; Calfapietra
et al., 2008; Vickers et al., 2009), possibly by stabilizing thylakoid
membranes of the chloroplasts and by acting as antioxidants, thus
reducing oxidative stress in the leaves. In general, the studies have
focused on the impacts of substantially high temperatures and O3
concentrations on plant VOCs,whereas less attention has been paid
to plant responses to more realistic O3 or, especially, tempera-
ture elevations. Emission of VOCs from plants is known to increase
with temperature, and the global warming over the past 30 years
could have already increased global biogenic VOC emissions by
10%, and a predicted 2–3 ◦C rise in the mean global temperature
could further increase plant-emitted VOCs by 30–45% (Pen˜uelas
and Llusià, 2003; Rennenberg et al., 2006; IPCC, 2007). Contin-
uously increasing tropospheric O3 levels may potentially either
increase or decrease VOC emissions (Loreto et al., 2004; Fares et al.,
2006, 2010; Calfapietra et al., 2008; Pen˜uelas and Staudt, 2010).
Global warming and increasing emissions of greenhouse gases
also have potential to influence future O3 levels e.g. by modify-
ing the rates of O3 production and destruction in the atmosphere
and by affecting the transport processes of O3 and its precursors
(The Royal Society, 2008; Laothawornkitkul et al., 2009). More-
over, many volatile compounds emitted by vegetation are highly
reactive and participate in atmosphere chemical processes, such as
formation of O3 (Ryerson et al., 2001; Atkinson and Arey, 2003) and
secondary organic aerosols (Yu et al., 1999; VanReken et al., 2006;
Virtanen et al., 2010). Therefore, biogenic VOC emissions should be
considered in air pollution and climate change scenarios.
Silver birch (Betula pendula Roth), a widely distributed and eco-
nomically important tree species in the northern Hemisphere, is
capable of emitting an array of mono- and sesquiterpenes (Zhang
et al., 1999; Hakola et al., 2001; Vuorinen et al., 2005; Ibrahim
et al., 2010). In Scandinavia, silver birch is growing at the extreme
limits of its range, where the impacts of climate change, particu-
larly climate warming, on forest ecosystems are already evident
(Hemery et al., 2008). Birch is known to be relatively sensitive
to O3, but variation exists between genotypes (Prozherina et al.,
2003; Yamaji et al., 2003; Oksanen et al., 2007). A recent study,
conducted with one of the birch clones used in the present study,
revealed that gas exchange, a commonly used sensitivity indica-
tor, was significantly influenced by elevated temperature and O3,
i.e. warming enhanced net photosynthesis, whereas stomatal con-
ductance was significantly and photosynthesis slightly reduced by
elevated O3 (Riikonen et al., 2009). Moreover, VOC emission, a pos-
sible defensemechanism,was notably increased in European aspen
(Populus tremula L.) exposed to elevated temperature for one grow-
ing season at the same experimental site as used in the current
study (Hartikainen et al., 2009). Against this background, the aim
of the present open-air exposure experiment was to determine the
impact of moderately elevated O3 and temperature, alone and in
combination, on VOC emission and gas exchange of four clones of
silver birch under 2-year exposure. In 2007, VOC emissions of two
clones of silver birchwere studied, and in2008, the experimentwas
expanded to cover all four clones and three different timeoccasions
during the growing season. In addition to VOC emission analysis,
measurements of net photosynthesis, stomatal conductance and
expression of genes involved in VOC synthesis were carried out in
2008. Genes encoding 1-deoxy-d-xylulose 5-phosphate synthase
(DXS), 1-deoxy-d-xylulose 5-phosphate reductoisomerase (DXR)
and isopentenyl diphosphate (IPP) isomerase were selected for
mRNA expression studies. DXS and DXR are important in produc-
ing the first intermediates specific to plastidial methylerythritol
4-phosphate (MEP) pathway, thus mediating the initiation of the
entire plastidial terpene synthesis pathway. IPP isomerase medi-
ates the conversion of IPP (produced in the MVA pathway) to
dimethylallyl diphosphate (DMAPP), which is the precursor of
isoprenoids (Hoeffler et al., 2002; Nagegowda, 2010). An inverse
relationship between VOC emission and mRNA expression of DXS,
DXR and IPP isomerase in birch was found in a previous cham-
ber study with increased night-time temperatures (Ibrahim et al.,
2010). This findingwill be corroborated in the present study in field
conditions.
Our hypotheses were: (1) elevated temperature increases VOC
emissions, (2) elevated O3 decreases VOC emissions, (3) elevated
temperature modifies O3 responses of silver birch, or vice versa,
(4) alterations in photosynthesis, stomatal conductance andmRNA
expression of DXS, DXR and IPP isomerase explain changes in VOC
emissions, (5) birch clones differ in their responses to elevated O3
and temperature, and (6) variation in VOC emission during the
growing season appears.
2. Material and methods
2.1. Study site, plant material and growth conditions
Four silver birch (B. pendula Roth) clones (12, 14, 15 and 25),
originating from Laukansaari biodiversity birch stand (Punkaharju,
61◦41� N, 29◦20� E, 76m a.s.l.) (Laitinen et al., 2000) and repre-
senting typical silver birch populations in central Finnish forests,
were grown in an open-field experimental area at the University
of Kuopio (Häikiö et al., 2007; Karnosky et al., 2007) in central
Finland (62◦53� N, 27◦37� E, 80m a.s.l.) over two growing sea-
sons. Silver birch is reproducing sexually, but genotypes can be
micropropagated (cloned). Micropropagated saplings (ca. 10 cm
high) were transplanted into 10-l pots [Ø 30 cm] filled with a mix-
ture of B2 Sphagnum peat (Kekkilä) and refined sand (granule size
0.5–1.2mm, Maxit Oy Ab Hiekkatuote) (2:1, v/v), and the pots
(five saplings per clone per temperature treatment subplot per
plot, 320 saplings in total) were partially submerged into the soil
of the experimental site on 22 May 2007. Additional saplings of
mixed clones were placed around the subplots to prevent the edge
effect and to stabilize microclimatic conditions within the expo-
sure subplots. The space between the pots was covered with local
soil in order to prevent excess moisture evaporation from the soil.
The birch saplings overwintered in the field covered with conifer
branches and snow. During the growing seasons the saplings were
watered with lake water when the soil water content fell below
10% (Theta Probe, type ML2, Delta-T Devices, Cambridge, England)
and fertilized with Kekkilä Superex (19.4% N, 5.3% P, 20% K, 0.2%
Mg), resulting in a total amount of 33kgNha−1 year−1 in 2007 and
72kgNha−1 year−1 in 2008.
The open-air fumigation system consisted of four elevated O3
plots [1.3× and 1.4× ambient O3 concentration during the exper-
imental periods in 2007 and 2008, respectively (Table 1)] and
four ambient O3 plots (Karnosky et al., 2007). Each plot (Ø 10m)
was divided into two infra-red-heated [ambient air temperature
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Table 1
Monthly mean, minimum (min.) and maximum (max.) values for O3 concentrations (14hday−1) and temperatures (T) (24hday−1) calculated from daily mean values in
ambient/elevated O3 and ambient/elevated temperature treatments between June and August, 2007 and 2008.
O3 treatment T treatment
Ambient O3 (ppb) Elevated O3 (ppb) Ambient T (◦C) Elevated T (◦C)
June July August June July August June July August June July August
2007
Mean 27.5 23.7 26.2 36.7 28.7 32.3 15.6 17.5 17.1 16.7 18.6 18.0
Min. (daily) 15.6 11.3 16.0 12.7 7.3 13.3 11.7 14.1 8.9 12.5 15.0 9.6
Max. (daily) 38.8 32.1 37.6 56.6 49.9 45.3 23.4 21.0 22.3 23.9 22.4 22.9
2008
Mean 28.8 20.5 17.5 41.5 27.2 23.1 14.3 16.3 14.0 15.3 17.3 14.7
Min. (daily) 12.4 13.3 7.8 12.3 14.3 9.4 7.8 10.0 9.4 8.4 10.9 10.3
Max. (daily) 46.8 29.6 29.9 75.2 47.7 43.6 18.2 20.5 17.3 19.5 21.5 17.8
+1 ◦C and +0.8 ◦C mean addition during the experimental peri-
ods in 2007 and 2008, respectively (Table 1)] and two ambient
temperature subplots (Riikonen et al., 2009). O3 was generated
from pure oxygen with an ozone generator (Ozone Generator G21,
Pacific Ozone Technology Inc., Brentwood, CA) and injected into
the elevated O3 treatment plots through vertical perforated tubes
for 14hday−1 (from 8:00 to 22:00h), following natural diurnal
and seasonal fluctuations. O3 fumigation was run 7 days a week,
except during rain or very low wind velocities, or if the ambient
O3 concentration was below 10ppb. O3 concentrations were con-
stantly monitored at 1.5m height from the centre of each plot with
UV photometric ozone analyzers (Model 1008-RS, Dasibi Environ-
mental Corp., Glendale, CA; Model O3 42 Module, Environnement
S.A., Poissy). Warming treatment (24hday−1) was realized with
IR-heaters (Model Comfortintra CIR-110, 230V, Frico AB, Sweden),
one heater installed 50 cm above the canopy in the middle of each
warming treatment subplot. The IR-heaters were lifted during the
growing season in order to keep a constant distance between the
heater and the growing canopy. In themiddle of each ambient tem-
perature subplot, a wooden bar of the same size, shape and colour
as the IR-heaters was installed above the canopy to provide com-
parable shading conditions. O3 fumigation was run from 4 June to
22 October, 2007, and from 1May to 31 August, 2008, and the sub-
plots were heated from 5 June to 30 October, 2007, and from 2
May to 31 August, 2008. Each plot was continuously monitored for
wind speed and direction (Anemometer A100; Windvane W200,
Vector Instruments) and each subplot for relative humidity (HMP
35A, Vaisala) and temperature (Humiter 50Y, Vaisala) within the
canopy (from the height of 50 cm) and in the soil. Themonthly pre-
cipitation in 2007 was 55, 113 and 56mm in June, July and August,
respectively (Venäläinen et al., 2007a,b,c), and the corresponding
quantities in 2008 were 116, 116 and 85mm (Venäläinen et al.,
2008a,b,c).
2.2. Collection of volatile organic compounds
In 2007, VOCs emitted from the foliage of birch saplings (ca.
70–80 cm high) were sampled between 30 July and 4 August from
birch clones 12 and 14 by selecting three saplings per clone per
temperature treatment per plot (96 collections in total). In 2008,
VOCs were collected on June 12–18, July 8–11 and August 4–7
from all four clones by using two saplings per clone per tem-
perature treatment per plot per sampling month (384 collections
in total). The same saplings were sampled each month. VOCs
were non-destructively collected in the field with the dynamic
headspace collection technique using polyethylene terephthalate
(PET) cooking bags and special VOC collection toolboxes designed
for field work. Top of the sapling (ca. 50 cm from the shoot tip)
was enclosed in a pre-cleaned (120 ◦C, 60min) cooking bag and the
bag opening was gently tied around the birch stem with a shutter.
Ozone-free air (Ozone Scrubber Cartridge, Environnement S.A.,
France) purified with activated carbon (Wilkerson F03-C2-100,
Mexico) entered the opening end of the bag via Teflon tubing at
the rate of 600mlmin−1 and after an adjustment period the air
flow was changed to 300mlmin−1. The sample tube was attached
into a small hole cut at the upper corner of the collection bag,
which was tightened around the sample tube with a shutter. The
sample was pulled through a purified stainless steel tube [Perkin
Elmer, ATD sample tubes, filled with approximately 150mg Tenax
TAadsorbent (Supelco,mesh60/80)]withavacuumpump(Thomas
5002 12V DC) at the rate of 200mlmin−1 for 30min. Sampling
of the same clone from elevated and ambient temperature sub-
plots was concurrently conducted. Sample tubes were sealed with
Teflon-coated brass caps immediately after collection and stored
refrigerateduntil analysis. Volatileswere also collected fromempty
collection bags used as blank samples and the air flows were cali-
brated dailywith amini-Buck calibrator (ModelM-5, A.P. Buck, Inc.,
Orlando, FL, USA). Simultaneously with VOC collections, temper-
ature and relative humidity (RH) were monitored inside the bags
andphotosynthetically active radiation (PAR)wasmonitored inside
an empty collection bag with sensors of data loggers (Hobo Micro
Station, Onset Computer Corporation, Bourne,MA). Themean tem-
peratures inside the collection bag in each treatment during the
VOC collections are presented in Table 2.
VOC samples were analyzed by GC–MS (Hewlett Packard GC
type6890,MSD5973, Beaconsfield,UK). Compounds trapped to the
adsorbent were desorbed (Perkin Elmer ATD400 Automatic Ther-
mal Desorption System) at 250 ◦C for 10min, cryofocused in a cold
trap at −30 ◦C and subsequently injected onto an HP-5 capillary
column (50m×0.2mm i.d.×0.33m film thickness, J&W Scien-
tific, Folsom, CA). The temperature program was 40 ◦C for 1min,
followed by increases of 5 ◦Cmin−1 to 210 ◦C and 20 ◦Cmin−1 to
250 ◦C. The carrier gas was helium. Mono- and homoterpenes (C10
and C11), sesquiterpenes (C15) and compounds other than terpenes
[including C6 green leaf volatiles and aromatic methyl salicylate
C8 (GLVs+MeSA)] were identified by comparing the mass spectra
of compounds with those in the Nist library (NIST Rev. D.04.00,
October 2002) and pure standards. For quantification of emissions,
commercially available reference substances were used. To nor-
malize the VOC results, the quantities of VOCs determined from
the empty collection bag were subtracted from the plant emission
results. In 2007, (E)-2-hexenal and (Z)-3-hexenol, and in 2008, cis-
ocimene and limonene, were not separated by the HP-5 column,
and thus combined emission of these two pairs of compounds is
presented. As temperature regulates mono-, homo- and sesquiter-
pene emission rates, emission of these compounds was calculated
as standardizedemission rateat the temperatureof30 ◦C (Guenther
et al., 1993). For mono- and homoterpene emissions we used the
coefficient of 0.09 (Kesselmeier andStaudt, 1999) and for sesquiter-
pene emissions the coefficient of 0.19 (Hakola et al., 2001).
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Table 2
Mean temperatures (mean± SE) inside the VOC collection bag in each treatment during VOC measurements. Data were collected in July–August, 2007 and in June, July and
August, 2008. C = control, T= temperature elevation, O3 =O3 elevation, T+O3 = combined elevation of temperature and O3.
Mean temperature (◦C) inside the VOC collection bag
C T O3 T+O3
July–August, 2007 28.6 ± 1.1 34.1 ± 1.6 26.1 ± 1.0 29.0 ± 1.2
June, 2008 29.3 ± 0.8 33.5 ± 0.9 26.7 ± 1.1 29.7 ± 1.1
July, 2008 28.0 ± 1.4 30.2 ± 1.4 28.9 ± 1.3 30.0 ± 1.0
August, 2008 24.3 ± 0.8 26.3 ± 1.1 24.8 ± 1.3 24.2 ± 0.9
Immediately afterVOCcollections, the leaves,whichwere inside
the bag during the collection were non-destructively grouped into
three different size classes, the number of leaves in each size class
was calculated and onemedium-sized leaf from each size classwas
photographed with a digital camera (Nikon Coolpix, Tokyo, Japan).
Photos were taken in the field from intact leaves with graph paper
as a background for scale determination. Total leaf area was calcu-
lated from the photos by ImageJ program (Version 1.38) and VOC
emission results were expressed as ng cm−2 h−1.
2.3. Gas exchange measurements
In 2008, net photosynthesis (Pn) and stomatal conductance (gs)
were measured immediately before VOC collections by selecting
two sun-exposed leaves from the saplings used for VOC collec-
tions. The measurements were made with a portable gas exchange
apparatus Li-6400 (LI-COR Inc., Lincoln, NE, USA), under saturating
light conditions (1400molm−2 s−1 PAR), using CO2 concentration
of 365l l−1 in the leaf chamber. The block temperature and air
humidityweremaintained similar to the ambient air in the ambient
temperature subplots, whereas in the elevated temperature sub-
plots the block temperature was set to ambient temperature +1 ◦C.
2.4. Expression of genes in the VOC biosynthetic pathway
For gene expression analysis, two sets of three fully-enlarged
young sun-exposed leaves were collected from one sapling per
clone per temperature treatment from each exposure plot on
23 August, 2008, between 10:30 and 14:30h. The leaves were
frozen in liquid nitrogen and stored at−70 ◦C until RNA-extraction.
Total RNA was isolated from the leaf samples using the CTAB
method (Chang et al., 1993). The DNase I -treated total RNA was
reverse-transcribed using oligo (dT18) primer and DyNAmo 2 step
SYBR Green qPCR kit (Finnzymes, Finland). Quantitative real-time
PCR reactions were performed using Dynamo HS SYBR Green kit
(Finnzymes) in 20l reaction volume with 0.5M gene-specific
primers and 2l of diluted cDNA, deriving from 5 to 15ng of total
RNA, as a template. The quantitative PCR primers were designed as
described in Ibrahim et al. (2010) and the Q-PCR amplicons were
sequenced.
The reactions were performed in triplicate in iCycler iQ Real-
time PCR (Bio-Rad). The PCR reaction conditions were: 95 ◦C for
15min, followed by 35 cycles of 95 ◦C for 15 s, 57 ◦C for 20 s, and
72 ◦C for 20 s. After the final annealing (72 ◦C, 5min) and redenatu-
ration (95 ◦C, 1min), a melt curve analysis was done by decreasing
the temperature from 95 ◦C to 60 ◦C at 0.5 ◦C intervals. The fold-
change in gene expression was calculated using the comparative
Ct method (2−Ct) (Livak and Schmittgen, 2001).
2.5. Statistical analyses
Themain effects of O3, temperature, clone, samplingmonth and
their interactions on variables studied in each year were analyzed
by the linearmixedmodelANOVAusingO3, temperature, clone and
samplingmonth as fixed factors and plot as a random factor. Before
the analysis, the data were aggregated to obtain plot means for
temperature treatments and clones. The variables and the residuals
were checked for normality, and logarithmic and reciprocal square
root transformations were performed when necessary. When the
data did not meet the assumptions of normality, non-parametric
test (Kruskal–Wallis) was used. Correlations between VOC emis-
sions and gas exchange were tested with Pearson correlation test.
Statistical analyses were performed using SPSS 14.0 for Windows
statistical package (SPSS Inc., Chicago, IL). Differences were con-
sidered significant at P<0.05 level, and marginally significant at
P<0.10 level.
3. Results
3.1. VOC emissions
Monoterpenes -pinene, sabinene, -myrcene, cis-
ocimene+ limonene (analyzed separately in 2007), 1,8-cineole,
-terpinene, linalool and allo-ocimene, as well as homoterpene
(E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) were emitted in both
years, but -pinene emission from birch saplings was detected
only in 2007. Correspondingly, sesquiterpenes -copaene, aro-
madendrene and -cadinene were emitted in both years, but
in 2008 also longifolene, -humulene and caryophyllene oxide
were found in the emissions. GLVs (Z)-3-hexenol + (E)-2-hexenal
(analyzed separately in 2008), (Z)-3-hexenyl acetate, nonanal,
(Z)-3-hexenyl butyrate and (Z)-3-hexenyl isovalerate as well as
MeSA were emitted from birch saplings during both growing sea-
sons, but in 2008 also 1-hexanol and 1-octen-3-ol were detected
in the emissions. Mono- and homoterpenes accounted for 3–60%,
sesquiterpenes 0.2–57% and compounds other than terpenes
(GLVs+MeSA) 19–93% of the total non-standardized emission,
depending on the clone, the treatment and the sampling month.
In 2007, elevated temperature had no impact on total mono-
and homoterpene emission (Fig. 1), but in 2008, total mono- and
homoterpene emission was over 5-fold in warming treatment
compared to ambient temperature (Table 3 and Fig. 2). In 2007,
elevated temperature slightly increased total sesquiterpene emis-
sion (Fig. 1), while in 2008 sesquiterpene emission was 4-fold in
elevated temperature compared to ambient temperature (Table 3
and Fig. 2). Total emission of compounds other than terpenes
(GLVs+MeSA) was likewise affected; in 2007 the emission of
GLVs+MeSA was approximately 2-fold at elevated temperature
compared to that in ambient temperature (Fig. 1), and in 2008
saplings grown under warming treatment emitted approximately
40%more GLVs+MeSA than those in ambient temperature (Table 3
and Fig. 2).
In 2007, O3 reduced total emission of GLVs+MeSA of both
clones over 50% compared to the saplings grown in ambient O3
(Fig. 1). The impact of elevated O3 was also shown in 2008, as
elevated O3 decreased total emission of GLVs+MeSA in June and
August, while no change was observed in July (Table 3 and Fig. 2).
In 2008, clones responded differently towarming treatment, i.e.
elevated temperature significantly increased mono- and homoter-
pene emission from clones other than 25, in which emission rate
stayed at a substantially constant level despite the treatment
(Table 3 and Fig. 2). Moreover, comparison of the clones showed
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Fig. 1. Total emission rates (ng cm−2 h−1, mean± SE, n=4) of (a) standardized mono- and homoterpenes, (b) standardized sesquiterpenes and (c) compounds other than
terpenes (GLVs+MeSA) from silver birch (Betula pendula) clones 12 and 14 exposed to ambient/elevated O3 and ambient/elevated temperature in 2007. C = control,
T= temperature elevation, O3 =O3 elevation, T+O3 = combined elevation of temperature and O3.
that clone 25 emitted least sesquiterpenes in 2007 (Fig. 1), while
clone 14 emitted most sesquiterpenes compared to other clones
during both growing seasons (Table 3, Figs. 1 and 2).
In 2007, VOCs were collected only once at the turn of July and
August, while consecutive collections in 2008 revealed significant
changes in emission rates and profiles of VOCs between the three
sampling occasions. Mono- and homoterpene emission of birch
saplings increased toward the end of the growing season, emission
being 2-fold in August compared to June (Table 3 and Fig. 2). Total
emission of GLVs+MeSA was highest in July (Table 3 and Fig. 2).
3.2. Gas exchange
Elevated temperature enhanced andO3 reduced photosynthesis
(Pn) in all clones (Table 3 and Fig. 3). Stomatal conductance (gs)
was lower at elevated temperature, but was not affected by O3
(Table 3 and Fig. 3). Clone 14 had the highest and clone 25 the
lowest Pn and gs (Table 3 and Fig. 3). Pn and gs decreased toward
the end of the growing season (Table 3 and Fig. 3). Significant
correlations between gas exchange and VOC emission were not
found (data not shown).
3.3. Expression of VOC-related genes
Levels of DXS, DXR and IPP isomerase mRNA were clearly
affected by elevated temperature and O3, but clear differences
between the clones were not observed (Fig. 4). Elevated O3 gen-
erally increased the expression of all three genes, while warming
treatment reduced particularly DXRmRNA levels, but also those of
DXS and IPP isomerase (Fig. 4). The mRNA levels in saplings at the
combined treatment reflected antagonistic interactions of O3 and
elevated temperature (Fig. 4).
4. Discussion
4.1. Impact of elevated temperature and O3 on VOC emission
In this 2-year study on silver birch, a notable effect of slightly
elevated temperature on VOC emission and gas exchange was
Table 3
Statistically significant results (P-values) of the linear mixedmodel test for themain effects and interactions of temperature (T), ozone (O3), clone and samplingmonth (time)
on total emissions of standardized mono- and homoterpenes, standardized sesquiterpenes and compounds other than terpenes (GLVs+MeSA), net photosynthesis (Pn) and
stomatal condutance (gs) of four clones of silver birch (Betula pendula) exposed to ambient/elevated O3 and ambient/elevated temperature in 2008.
Mono- and homoterpenes Sesquiterpenes GLVs+MeSA Pn gs
T <0.001 <0.001 <0.001 0.011 0.010
O3 ns ns ns 0.002 ns
Clone ns < 0.001 ns < 0.001 < 0.001
Time 0.020 ns < 0.001 < 0.001 < 0.001
T× clone 0.012 – ns ns ns
O3 × time ns – 0.088 ns ns
P-values <0.05 were considered significant and P<0.10 marginally significant, ns: not significant, –: indicates not possible to test, only significant interactions are shown in
the table.
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Fig. 2. Total emission rates (ng cm−2 h−1, mean± SE, n=4) of (a) standardized mono- and homoterpenes, (b) standardized sesquiterpenes and (c) compounds other than
terpenes (GLVs+MeSA) from silver birch (Betula pendula) clones 12, 14, 15 and 25 exposed to ambient/elevated O3 and ambient/elevated temperature. Data were collected
in June, July and August 2008. C = control, T= temperature elevation, O3 =O3 elevation, T+O3 = combined elevation of temperature and O3.
demonstrated in an ecophysiologically relevant field experiment.
The impact of O3 on VOC emission was less pronounced, and sig-
nificant interactions between O3 and temperature elevation were
not observed. Generally, VOC emission is known to increase with
rising temperature (Singsaas et al., 1999; Loreto et al., 2006; Filella
et al., 2007). The present study on birch showed that even a slight
elevation in canopy level ambient temperature during the grow-
ing season caused a considerable increase in total emissions of
mono-, homo- and sesquiterpenes and compounds other than ter-
penes (GLVs+MeSA). Similar temperature elevation significantly
increased VOC emission also in European aspen (P. tremula L.)
exposed to elevated temperature over one growing season at the
same experimental system (Hartikainen et al., 2009). Ibrahim et al.
(2010) showed in a chamber experiment that increasingnight-time
temperature (6–22 ◦C) increased terpene emissions collected dur-
ing the daytime from silver birch (B. pendula Roth) and European
aspen (P. tremula L.). Although there are uncertainties in esti-
mations of impending temperature rise and intensity of extreme
weather events, these findings strongly suggest that continuously
rising temperature will substantially stimulate VOC emission from
forest vegetation.
Terpenes, isoprene and monoterpenes in particular, have
been suggested to participate in plant defense against rising
temperature, possibly by improving membrane stability or by
scavenging ROS, thus protecting the photosynthetic apparatus
(Pen˜uelas et al., 2005; Velikova and Loreto, 2005; Vickers et al.,
2009; Loreto and Schnitzler, 2010). This is in line with our
results, which showed increased levels of photosynthesis and
emissions of mono-, homo- and sesquiterpenes under warming
treatment. However, due to the substantially minor elevation in
temperature, the increased emissions may reflect enhanced cel-
lular processes rather than defensive responses. GLVs, formed
mainly from the fatty acids linoleic and linolenic acids through
the hydroperoxide lyase pathway of oxylipin metabolism, are
notably emitted after disruption of membrane lipids caused by
mechanical tissue damage and herbivory (Holopainen, 2004;
Matsui, 2006; Shiojiri et al., 2006). Methyl salicylate, in turn,
is the volatile counterpart of salicylic acid and it is involved
in the induction of defense responses against a broad range of
pathogens and insects (Laothawornkitkul et al., 2009). Our study
showed that these compounds are notmerely related to herbivory,
pathogen attack ormechanical tissue damage, but are also induced
by slightly elevated temperature. Temperature elevation might
release fatty acids for GLV production bymodifying the membrane
lipid structures (Iba, 2002), thus partly explaining the increased
emission.
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Fig. 3. (a) Net photosynthesis (Pn) (mol CO2 m−2 s−1, mean± SE, n=4) and (b) stomatal conductance (gs) (molm−2 s−1, mean± SE, n=4) of silver birch (Betula pendula)
clones 12, 14, 15 and 25 exposed to ambient/elevated O3 and ambient/elevated temperature. Data were collected in June, July and August 2008. C = control, T= temperature
elevation, O3 =O3 elevation, T+O3 = combined elevation of temperature and O3.
The impact of O3 on mono-, homo- or sesquiterpene emission
was not observed in this study. This is in line with previous studies
(Lindskog and Potter, 1995; Vuorinen et al., 2005), which showed
that terpene emission from different tree species, including silver
birch, was not significantly influenced by exposure to atmospheric
or higher O3 concentrations. Silver birch is not an isoprene emitter,
but in aspen (Populus tremuloidesMichx.) exposure to 1.5× ambient
O3 concentration induced a drop in photosynthesis and isoprene
emission (Calfapietra et al., 2008). In an O3 tolerant aspen clone,
isoprene and carotenoid concentrations were higher compared
Fig. 4. Relative mRNA expression (mean± SE, n=4) of genes encoding (a) 1-deoxy-d-xylulose 5-phosphate synthase (DXS), (b) 1-deoxy-d-xylulose 5-phosphate reductoiso-
merase (DXR) and (c) isopentenyl diphosphate (IPP) isomerase of silver birch (Betula pendula) clones 12, 14, 15 and 25 exposed to ambient/elevated O3 and ambient/elevated
temperature in 2008. C = control, T= temperature elevation, O3 =O3 elevation, T+O3 = combined elevation of temperature and O3.
40 K. Hartikainen et al. / Environmental and Experimental Botany 84 (2012) 33–43
to O3 sensitive clone, thus suggesting O3 tolerance being related
to the activation of the entire metabolic pathway of isoprene
formation, including both volatile and non-volatile compounds
with antioxidant action (Calfapietra et al., 2008). Fares et al. (2010)
suggested that isoprene could be an efficient rapidly-formed
antioxidant under short-term acute O3 exposure, while prolonged
exposuremay lead to production ofmore sustainable antioxidants,
which might be the case also with other terpenes.
O3 elevation reduced total emission of compounds other than
terpenes (GLVs+MeSA) in both years, except in July 2008, when
emission stayed at a constantly high level despite the O3 treat-
ment. The GLV precursors are common components in membrane
structures (Murphy, 1993; Matsui, 2006), including the thylakoids,
and this may suggest that under O3 exposure the GLV precursors
are utilized for different purposes, such as for strengthening of thy-
lakoids and othermembranes. Fares et al. (2010) hypothesized that
moderate O3 exposure may inhibit lipoxygenase and hydroper-
oxide lyase activities that catalyze the degradation of membrane
lipids and production of GLVs. Linolenic acid may alternatively be
used for the production of other signaling compounds, such as jas-
monic acid, in order to activate defense responses in the plant
(Howe and Schilmiller, 2002). Opposite to our findings, previous
studies (Heiden et al., 1999, 2003;Vuorinen et al., 2004;Vitale et al.,
2008)have revealedmainly increasedGLVemissions inO3-exposed
plants, possibly being related to the breakdownofmembrane lipids
leading to visible symptoms. However, we were able to show that
the substantially low O3 concentration, causing no observable leaf
damage, doesnot enhanceGLV formation, butmay inhibit theemis-
sion of these compounds.
4.2. The role of photosynthesis, stomatal conductance and gene
expression in the regulation of VOC emission
Enhanced VOC emission at elevated temperature was in line
with intensified photosynthesis, suggesting that VOC emissions
are, at least to some extent, limited by carbon availability
(Niinemets, 2010). Photosynthesis is sensitive to temperature
changes (Schrader et al., 2004; Haldimann and Feller, 2005;Wahid
et al., 2007), but relatively low temperature is the most impor-
tant factor limiting photosynthesis and growth in boreal forests
(Veteli et al., 2002; Bricen˜o-Elizondo et al., 2006) and, there-
fore, increased photosynthesis observed in the present study was
expected. Riikonen et al. (2009) suggested that intensified pho-
tosynthesis of silver birch clone 12, together with its improved
antioxidant capacity, may provide sufficient potential for its accli-
mation to warmer growth conditions. In addition to increased
availability of substrates due to enhanced photosynthesis, tem-
perature elevation may regulate enzyme synthesis or activity and
change the volatility and diffusion capacity of VOCs, thus modify-
ing the production and emission of plant volatiles (Niinemets et al.,
2004; Sharkey et al., 2008; Laothawornkitkul et al., 2009; Pen˜uelas
and Staudt, 2010).
Although the elevation in temperature increased photosyn-
thesis in silver birch, stomatal conductance was simultaneously
decreased, possibly in order to reduce transpiration. The finding
that VOC emissionswere increased although stomatal conductance
was reduced, suggests that VOC emissions are not strictly con-
trolled by stomatal conductance. This is in agreement with earlier
observations that stomatal conductance had no significant influ-
ence on emissions of isoprene and monoterpenes from various
tree species, including oak (Quercus ilex L., Quercus alba L.), pine
(Pinus pinea L., Pinus halepensis Miller) and aspen (P. tremuloides
Michaux.) (Fall and Monson, 1992; Loreto et al., 1996; Owen et al.,
2002). On the other hand, the difference in partial pressure of the
volatile compounds between the leaf intercellular space and the
ambient atmosphere can regulate theVOCflux through the stomata
(Niinemets and Reichstein, 2003). Moreover, when stomata are
closed, the VOC concentration inside the leaf may increase, lead-
ing to enhanced diffusion of VOCs, especially terpenes, through
the cuticle and evaporation at the cuticular surface (Kesselmeier
and Staudt, 1999; Dudareva et al., 2006). Physicochemical prop-
erties, such as lipo- or hydrophilicity of compounds, also regulate
the movement of VOCs. Emission rates of hydrophilic oxygenated
terpenes (e.g. linalool) appear to be modified by stomatal conduc-
tance, while lipophilic non-oxygenated compounds (e.g.-pinene)
appear to be less sensitive to stomatal control (Niinemets et al.,
2002, 2004). Some of the VOCs might be released from the glan-
dular trichomes present on the leaf surface (Valkama et al., 2003).
Stomatal closure may also increase leaf temperature, thus enhanc-
ing the effects of temperature onVOCproduction. This is supported
by Riikonen et al. (2009) who reported that the leaves under ele-
vated temperature warmed approximately 1.3 ◦C more than the
air temperature during the daytime at the same experimental sys-
tem. The higher leaf temperature might partly be explained by the
IR-heaters, which can heat leaves more efficiently than the sur-
rounding air.
In contrast to VOC emissions, warming treatment reduced and
elevated O3 increased the transcript levels of genes in the VOC
biosynthetic pathway. Temperature-caused down-regulation of
DXS, DXR and IPP isomerase as well as the inverse relationship
between VOC emissions and gene expression is in line with the
recent observations with birch in laboratory conditions (Ibrahim
et al., 2010). However, in this study gene expressionwasmeasured
only from a single time point, not concurrentlywith VOC emissions
and gas exchange. Being aware that mRNA expression shows sig-
nificant circadian oscillations (Wiberley et al., 2009), the functional
role of this inverse relationship between VOC emission and gene
expression from a snapshot determination remains to be verified.
Overall, VOC biosynthesis might be regulated at transcriptional,
posttranslational and metabolic levels, and is highly variable with
respect to diurnal and seasonal changes in relation to temperature
and light (Mayrhofer et al., 2005).
4.3. Clonal differences
In this study, some disparity in VOC emission and gas exchange
between the birch clones was observed. Clone 14 showed highest
sesquiterpene emission regardless of the treatment, which could
partly be explained by its effective gas exchange, allowing car-
bon reserves for sesquiterpene production. Clone 25, in contrast,
had low and substantially stable VOC emission rates in all treat-
ments, whichwas in accordancewith its low rates of gas exchange.
Low stomatal conductance can effectively restrict intake of O3 and
reduce water loss from the leaves, but this may also decrease pho-
tosynthetic efficiency (Fiscus et al., 2005; Wittig et al., 2007). Thus,
the observed differences between the birch clones may reflect dis-
tinct potential for adaptation under changing climate, i.e. clone 14
may invest in efficient photosynthesis and VOC production, while
clone 25 could rather regulate leaf internal processes, e.g. defense
responses, via the stomata.
4.4. Variation in VOC emission during the growing season
As hypothesized, the concentration and composition of VOCs
varied greatly during the threemeasuring occasions. This variation
may be mostly explained by the developmental stage of the leaves
andby changes in temperature, humidity and in other environmen-
tal factors (Pen˜uelas and Llusià, 2001; Duhl et al., 2008; Holopainen
et al., 2010). Emission capacity is also known to vary during the
day, emission peaking at midday (Wiberley et al., 2009). Our
study did not support previous studies e.g. on silver birch (B. pen-
dula Roth), tea-leafed willow (Salix phylicifolia L.), European aspen
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(P. tremula L.) and peppermint (Mentha×piperita L.) (Hakola et al.,
1998;Gershenzonet al., 2000),whichassociatedhighmonoterpene
emissions with developing leaves. Increasing emission of mono-
and homoterpenes toward the end of the growing season in this
study could, at least partly, be related to decreased supply of carbon
leading to production of simpler compounds (e.g. monoterpenes).
Alternatively, mono- and homoterpenes might have a particular
function in the fully developed birch leaves. High emission of com-
pounds other than terpenes (i.e. GLVs +MeSA) in July 2008 could
be related to increased herbivory during the midsummer or to
stress causedbyfloodingdue toexceptionally rainy summer.On the
other hand, July was the warmest month during the study period
in 2008, which could indicate that GLVs and MeSA are a group of
compounds also sensitive to rising temperature. Overall, emission
profiles of VOCs have been shown to change during the leaf lifes-
pan (Kesselmeier and Staudt, 1999; Duhl et al., 2008), which was
supported also by our results.
5. Conclusions
Our study indicates that rising temperature enhancesVOCemis-
sions from silver birch, although the unpredictability of the extent
of impending climatic changes still causes considerableuncertainty
in VOC emission estimations from boreal forests. Chronic low level
O3 stress appears to decrease, rather than increase, VOC emission.
The temperature related increase in VOC emission, particularly ter-
penes, is potentially related to increase carbon resources due to
enhanced photosynthesis at elevated temperatures. Stomatal con-
ductance is not a limiting factor in VOC emission, which is mainly
controlled by other mechanisms. Transcript levels of the selected
genes in the terpene biosynthetic pathway were influenced by ele-
vated temperature and O3, but the overall regulation of terpene
emissions appears to be complex. The differences in responses
between the birch clones might indicate distinct mechanisms for
adaptation and protection under changing climate. Variation in
VOC emission along the growing season reflects changes in leaf
developmental stage and environmental conditions.
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Abstract 
 
To study the effects of slightly elevated temperature and ozone (O3) on leaf structural 
characteristics of silver birch (Betula pendula Roth), saplings of four genotypes of 
this species were exposed to elevated temperature (ambient air temperature + 0.8–1.0 
°C) and elevated O3 (1.3–1.4x ambient O3), alone and in combination, in an open-air 
exposure field over two growing seasons (2007 and 2008). Elevated temperature 
significantly increased leaf size, reduced the density of non-glandular trichomes, 
decreased epidermis thickness and increased plastoglobuli size in birch leaves during 
one or both growing seasons. O3 effect on leaf structure occurred especially during 
the second growing season, when O3 elevation reduced leaf size, increased the 
palisade layer thickness and decreased the number of plastoglobuli in spongy cells. 
Several leaf structural changes observed under a single treatment of elevated 
temperature or O3 were no longer detected at the combined treatment. Leaf structural 
responses to O3 and rising temperature may also depend on the timing of the 
exposure during the plant and leaf development as indicated by the distinct changes 
in leaf structure along the experiment. Genotype-dependent cellular responses were 
mainly detected as divergent alterations in chloroplast structure. Overall, this study 
showed that even a slight elevation in ambient temperature can notably modify leaf 
structure of silver birch saplings under two-year exposure.  
 
Key words: chloroplast, epidermis, mesophyll, non-glandular and glandular 
trichome, ozone (O3), rising temperature 
 
Key message: Slightly elevated temperature increased leaf size and plastoglobuli 
diameter, and reduced non-glandular trichome density and epidermis thickness in 
silver birch leaves. Ozone effects on leaf structure were less explicit. 
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Introduction 
 
Forest trees in the northern latitudes are challenged to adapt to changing 
environmental conditions caused by rising temperature and increasing tropospheric 
ozone (O3) concentration. During the last 100 years the global mean temperature has 
increased by approximately 0.74 °C because of increasing anthropogenic greenhouse 
gas emissions in the atmosphere (IPCC 2007). Global mean temperature continues to 
rise about 0.3 °C per decade, but at the northern latitudes warming has been 
estimated to happen notably faster (Jones et al. 1999; IPCC 2007). Tropospheric O3 
is a greenhouse gas, but also an important air pollutant with potential to adversely 
affect plant vitality and productivity (Ashmore 2005; The Royal Society 2008; Wittig 
et al. 2009). In the Northern Hemisphere current ambient O3 concentrations range 
approximately between 20–45 ppb with acute O3 peaks exceeding 100 ppb 
(Vingarzan 2004; Hjellbrekke 2012). These concentrations continue to further 
increase at the annual rate of 0.5%–2% due to increasing emissions of O3 precursors, 
i.e. nitrogen oxides (NOx) and volatile organic compounds (VOCs) in the atmosphere 
(Vingarzan 2004; The Royal Society 2008).  
 
Present O3 levels are high enough to cause visible symptoms, accelerated leaf 
senescence and reduced photosynthesis leading to impaired growth (Ashmore 2005; 
Wittig et al. 2009), but less is known about the impacts of slightly elevated 
temperature on plant vigor. Temperature is one of the most important factors limiting 
the productivity in boreal forests, but adaptation to increasing warming might be a 
challenge for the plants (Veteli et al. 2002; Briceño-Elizondo et al. 2006). Rising 
temperature may also alter air humidity and the length of the growing season, which 
can influence stomatal conductance and O3 flux into the plants (Emberson et al. 
2000; IPCC 2007; Matyssek et al. 2007). Both elevated temperature and O3 can 
directly and indirectly affect plant growth and function, e.g. by inducing formation of 
reactive oxygen species (ROS) in the leaf apoplast (Kangasjärvi et al. 2005; Wahid et 
al. 2007; Dizengremel et al. 2008). If defence mechanisms of a plant are 
overwhelmed, excess production of ROS results in oxidative damage and a range of 
metabolic changes (Kangasjärvi et al. 2005; Tausz et al. 2007). Particularly 
membrane lipids and components of chloroplasts are sensitive to oxidative damage 
(Sutinen et al. 1990; Anderson et al. 2003; Wahid et al. 2007).  
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Leaf surface, inner tissue and cell structural characteristics can be related to the 
capacity of the plant to acclimate to raising temperature and O3 levels. Non-glandular 
trichomes (simple hairs) at the leaf surface serve mainly as a mechanical barrier, 
while glandular trichomes (secretory structures) are potentially involved in plant 
defence against different abiotic and biotic stresses via secretion of protective 
compounds, such as terpenoids (Gutschick 1999; Biswas et al. 2009; Pateraki and 
Kanellis 2010). Stomata control the gas exchange and water use efficiency, stomatal 
density thus supposedly being involved in plant acclimation to changing 
environmental conditions (Woodward and Kelly 1995; Pääkkönen et al. 1995; 
Gutschick 1999). In deciduous trees, thinner leaves and larger proportion of 
intercellular space are often related to O3 sensitivity, whereas thicker leaves, 
decreased amount of intercellular space and increased number of mitochondria and 
peroxisomes have been suggested to imply O3 tolerance (Pääkkönen et al. 1997a; 
Bäck et al. 1999; Oksanen et al. 2001, 2005). In chloroplasts, altered starch synthesis 
and accumulation under both elevated O3 and temperature have been detected 
(Jeannette et al. 2000; Oksanen et al. 2001; Salem-Fnayou et al. 2011). Thick leaves 
with high density of non-glandular trichomes can protect plants from heat and 
drought (Gutschick 1999; Aronne and De Micco 2001). Moderately raised 
temperatures, in turn, may lead to formation of thinner leaves and needles, reduced 
thickness of tissues and increased proportion of intercellular space (Higuchi et al. 
1999; Luomala et al. 2005; Hartikainen et al. 2009), which are common 
characteristics in mesomorphic leaves (Lindorf 1997) acclimated to moderate 
climates with adequate humidity.  
 
Silver birch (Betula pendula Roth) is considered to be relatively sensitive to O3, but 
differences between the genotypes exist (Pääkkönen et al. 1997a; Prozherina et al. 
2003; Yamaji et al. 2003). Less is known about the impacts of rising temperature on 
boreal deciduous trees, but our previous studies showed that elevated temperature 
(ambient temperature + 0.8–1 °C) significantly enhanced gas exchange and VOC 
emission of the same experimental birch plants as used in the present study 
(Hartikainen et al. 2012). In leaf structural studies with European aspen (Populus 
tremula L.), elevated temperature (ambient temperature + 1 °C) caused formation of 
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enlarged but thinner leaves, which was related to the thinning of epidermis, palisade 
and spongy layers, and reduced area of palisade cells (Hartikainen et al. 2009). Thus, 
an elevation of 1 °C in ambient temperature was shown to induce alterations in leaf 
inner tissue structure (Hartikainen et al. 2009), but impact of slightly elevated 
temperature on mesophyll cell structure is not known.  
 
This study was conducted to define the impact of slightly elevated temperature and 
O3, alone and in combination, on leaf surface, inner tissue and cell structural 
characteristics of four silver birch (Betula pendula Roth) genotypes grown in an 
open-air exposure field over two growing seasons. Leaf samples were collected from 
two birch genotypes in August 2007 and from all four genotypes in July and August 
2008. Being aware of our previous results in this exposure field experiment and of 
the average ambient temperatures and O3 concentrations in the area, the hypotheses 
were: 1) slightly elevated temperature causes clearer alterations in leaf surface, inner 
tissue and cell structure of silver birch compared to slightly elevated O3 under two-
year exposure, 2) certain characteristics  (e.g. increased density of trichomes, 
formation of thicker leaves, reduced proportion of intercellular space and increased 
amount of mitochondria and peroxisomes) in leaf structure protect leaves under 
rising temperature and O3 levels, while some of them (e.g. thinning of leaves and 
increased proportion of intercellular space) are signs of weaker acclimation to 
changing climate, 3) elevated temperature and O3 modify the effects of each other on 
birch leaf structure, and 4) differences in leaf structural responses to elevated 
temperature and O3 between the birch genotypes exist.  
  
Materials and methods 
 
Plant material and experimental set-up 
 
Four silver birch (Betula pendula Roth) genotypes (12, 14, 15 and 25), representing 
typical silver birch populations in central Finnish forests, were exposed for two 
growing seasons to ambient or elevated O3 [1.3x and 1.4x ambient O3 concentration 
during the experimental periods in 2007 and 2008, respectively (Table 1)] and 
ambient or elevated temperature [ambient air temperature + 1 °C and + 0.8 °C mean 
addition during the experimental periods in 2007 and 2008, respectively (Table 1)] in 
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an open-field experimental area (Karnosky et al. 2007; Mäenpää et al. 2011; 
Kasurinen et al. 2012) located at the University of Eastern Finland, Kuopio campus 
(62° 53´ N, 27° 37´ E, 80 m a.s.l). In the beginning of the experiment (at the end of 
May 2007), micropropagated saplings (ca. 10 cm in height) were planted into 10-liter 
pots [ø 30 cm], and the pots (five saplings per genotype per subplot per plot, 320 
saplings in total) were partially submerged into the soil of subplots of eight plots at 
the experimental site. The O3 fumigation system consisted of four elevated O3 plots 
and four ambient O3 plots (Karnosky et al. 2007; Kasurinen et al. 2012). Each plot (ø 
10 m) was divided into two infrared-heated and two ambient temperature subplots 
(Riikonen et al. 2009; Kasurinen et al. 2012). The heating treatment resulted in an 
additional increase of ~0.5 °C in leaf temperatures during daytime compared to air 
temperatures (Riikonen et al. 2009). In 2007, the saplings in each treatment were 
placed into one subplot, while in spring 2008 the saplings were rearranged in each 
plot from one subplot into two subplots due to increased need for growth space. The 
birch saplings overwintered in the field and were protected with conifer branches and 
snow. O3 fumigation was run from 4 June to 22 October in 2007, and from 1 May to 
31 August in 2008, and the subplots were heated from 5 June to 30 October in 2007, 
and from 2 May to 31 August in 2008. AOT40 (accumulated over a threshold of 40 
ppb) (Mills et al. 2010) values for the whole season in 2007 were 0.14 ppm h at 
ambient O3 and 4.9 ppm h at elevated O3, and in 2008 the corresponding values were 
1.6 ppm h and 9.0 ppm h, respectively (Kasurinen et al. 2012). Detailed description 
of the plant material and the experimental set-up is presented e.g. by Hartikainen et 
al. (2012) and Kasurinen et al. (2012). 
 
Microscopic analyses 
 
In 2007, samples for microscopic studies were collected on 6 August from birch 
genotypes 12 and 14 by selecting three average-height saplings per genotype per 
temperature treatment per plot for the analyses (96 samples in total). In 2008, 
sampling was conducted on 14 July and 11 August from all four birch genotypes by 
using two saplings per genotype per temperature treatment per plot per sampling 
month (256 samples in total). The same saplings but different leaves were sampled 
each month by selecting one sun-orientated, fully enlarged young leaf from the shoot 
tip per sapling for the analyses. Sample strips (5 mm) were cut from the middle of 
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the leaf, perpendicularly to central midrib, and placed in cold 2.5% (v/v) 
glutaraldehyde fixative (in 0.1 M phosphate buffer, pH 7.0). In laboratory, 1.5 mm2 
pieces were cut from the strips under fixative solution with a razor blade and stored 
in glutaraldehyde fixative at 4 °C overnight. Leaf samples were rinsed with 
phosphate buffer, post-fixed in 1% buffered OsO4 solution, dehydrated with an 
ethanol series followed by a propylene oxide treatment, and embedded in epon (Ladd 
LX112).  
 
For light microscopy (LM), 1 µm sections were cut from the samples with an 
ultramicrotome [Reichert-Jung Ultracut E, Hernalser Hauptstr. 219 A-1171 Wien, 
Austria, Diatomen histo -knife (Hi 4967)] and stained with toluidine blue (1%). The 
leaf samples on slides were studied under the light microscope (Zeiss, Axiolab, Jena, 
Germany), and two areas of the leaf cross section between the bundle sheaths from 
each sample were selected at random for digital photographing at 40x objective 
magnification. Digital images were analysed for total leaf thickness, palisade and 
spongy layer thickness, adaxial (upper) and abaxial (lower) epidermis thickness, and 
mean area of palisade cells by selecting two to four areas per sample with ImageJ 
(version 1.38) using standard measurement tools of the program. The point-counting 
method was used to calculate the proportion of intercellular space in palisade and 
spongy layers also using ImageJ (version 1.38).  
 
Thin (50–70 nm) sections for transmission electron microscopy (TEM) were cut with 
an Ultracut E (Reichert-Jung, Scotia, NY, USA) from the leaf samples collected in 
August 2007 and August 2008 for light microscopy. The sections were stained with 
uranyl acetate and lead citrate. One leaf sample per genotype per temperature 
treatment per plot per sampling occasion was studied and photographed with a digital 
camera connected to the transmission electron microscope (JEOL JEM-2100F, JEOL 
Ltd., Tokyo, Japan) operating at 200 kV. One cell from the palisade tissue and one 
cell from the spongy tissue were randomly selected for the analyses. Digital images 
were analysed for the number of chloroplasts per 100 µm2 of cytoplasm, mean size 
(µm2) of chloroplasts, number of plastoglobuli per 1 µm2 of chloroplast stroma 
(starch excluded), diameter of plastoglobuli, the proportion of vacuole per cell (%), 
number of mitochondria and peroxisomes per 100 µm2 of cytoplasm, and the 
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proportion of starch of chloroplast area (%) with ImageJ (version 1.38) using 
standard measurement tools of the program. 
 
The rest of the leaves collected for LM and TEM analyses were used for surface 
structure studies with scanning electron microscopy (SEM) by selecting one sapling 
per genotype per temperature treatment per plot per sampling occasion for the 
analyses. One air-dried sample (ca. 3 mm x 7 mm) from the upper and lower leaf 
surface from the middle of the leaf was coated with ca. 50 nm thick gold-palladium 
layer by using the sputtering equipment (Polaron Sputter Coater II-E5100, Polaron 
Equipment Ltd., Watford, UK). Two randomly selected areas (0.2 mm2 and 2.6 mm2 
leaf areas for stomatal and trichome density analyses, respectively) per sample were 
photographed with a digital camera connected to the scanning electron microscope 
(Philips XL 30, FEI Company, Brno, Czech Republic) operating at 15 kV. The 
digital images of the leaf samples were analysed for stomatal density and the number 
of glandular and non-glandular trichomes at the upper and lower leaf surface using 
ImageJ (version 1.38).  
 
For leaf size determination, one mature leaf per sapling used for light microscopic 
analyses was digitally photographed with graph paper as a background for scale 
determination. Leaf sizes of single leaves were calculated from the photos by ImageJ 
(version 1.38). 
 
Statistical analyses 
 
The main effects of temperature, O3, genotype, sampling month and their interactions 
on variables studied in both years were analysed by the linear mixed model ANOVA 
using temperature, O3, genotype and sampling month (for light microscopy data in 
2008) as fixed factors, and plot and plot x temperature (for light microscopy data in 
2008) as random factors. Average values of each genotype per subplot were used in 
the statistics. The variables and the residuals were checked for normality, and 
logarithmic, square root and reciprocal transformations were performed when 
necessary. Data are shown untransformed. SPSS 14.0 for Windows statistical 
package (SPSS Inc., Chicago, IL) was used for the statistical analyses. Differences 
were considered significant at P < 0.05 level.  
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Results 
 
Leaf size and surface structure  
 
In the first year (2007), leaf size was not affected by the treatments and significant 
differences between the genotypes were not observed (Tables 2, 3, S1). In the second 
year (2008), elevated temperature increased the leaf size by 33%, the impact of the 
temperature treatment being more pronounced in July than in August 2008 (Tables 4, 
5). O3 elevation decreased leaf size by 15% (Tables 4, 5). In 2008, genotype 25 had 
the largest and genotype 15 the smallest leaves irrespective of the treatment or time 
(Tables 5, S2). 
 
Non-glandular (hairs) and glandular trichomes (Fig. 1) were analysed at the upper 
and lower leaf surface in 2007 and 2008. In 2007, elevated temperature reduced the 
number (mm-2) of non-glandular trichomes at the upper leaf surface by 39% and at 
the lower leaf surface by 50% (Fig. 2a,b). In 2008, leaf hairs were detected only 
occasionally, and treatment effects could not be observed (data not shown).  
 
In 2008, genotype 25 had least glandular trichomes at the upper leaf surface 
compared to other genotypes (Fig. 3c). In 2007, the combination of elevated O3 and 
temperature increased the amount of glandular trichomes at the upper leaf surface in 
genotype 14 and temperature treatment alone in genotype 12 (Fig. 3a). In 2008, O3 
elevation reduced the number of glandular trichomes at the lower leaf surface in 
genotype 15 and increased it in genotypes 14 and 25 (Fig. 3d).  
 
Stomatal density (range 1.1–2.4 stomata 100 µm-2) was not affected by the 
treatments and significant differences between the genotypes were not observed in 
2007 or 2008 (data not shown).  
 
Leaf inner tissue structure 
 
In 2007, no significant differences between the genotypes were found (Tables 3, S1), 
but in 2008 genotype 25 had thickest palisade layer, largest palisade cells, most 
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intercellular space in palisade layer and least intercellular space in spongy layer 
compared to other genotypes (Tables 5, S2). 
 
Elevated temperature reduced the thickness of adaxial (upper) and abaxial (lower) 
epidermis by 4%–8% in 2007 and 2008 (Tables 2–5). An interaction between 
temperature and O3 treatment showed that the temperature-caused thinning of abaxial 
epidermis was not observed at the combined treatment in 2008 (Tables 4, 5). In 2007, 
warming treatment increased the thickness of palisade layer of both genotypes 12 
and 14, but especially that of genotype 12 (Tables 3, S1). In 2008, elevated 
temperature increased the proportion of intercellular space in palisade layer in 
genotype 12 and decreased it in genotype 15 (Tables 5, S2). Moreover, elevated 
temperature increased the thickness of spongy layer in July and slightly reduced it in 
August (Tables 4, 5). O3 increased the thickness of palisade layer by 8% in July 2008 
(Tables 4, 5). 
 
In 2008, leaf samples were taken twice during the growing season, which enabled 
observing the leaf structural changes in recently matured young leaves along the 
summer. Generally, in July saplings had 7% thicker leaves, 10% thicker abaxial 
epidermis, 5% thicker palisade layer, 8% thicker spongy layer, 18% larger palisade 
cells, 20% more intercellular space in palisade layer and 9% more intercellular space 
in spongy layer compared to August (Tables 4, 5). Genotypes responded differently 
to the treatments at different sampling points, i.e. in July 2008, elevated temperature 
increased the thickness of spongy layer particularly in genotypes 12 and 14, while in 
August warming treatment slightly reduced the spongy layer thickness in genotypes 
12 and 14 (Tables 5, S2). In addition, in July 2008 elevated O3 reduced the area of 
palisade cells in genotypes 12 and 15, and increased it in genotypes 14 and 25, while 
in August O3 elevation decreased the palisade cell area in genotypes 14 and 25 
(Tables 5, S2).  
 
Mesophyll cell structure 
 
In cell structural studies, palisade and spongy cells were separately analysed in both 
years (Tables 6–9). In 2008, both elevated temperature and O3 increased the number 
of chloroplasts in palisade cells by 10%–17% as a single treatment, but not as the 
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combined treatment (Tables 8, 9). Elevated temperature also increased the number of 
chloroplasts in spongy cells by 20% (Tables 8, 9). Differences in the amount of 
chloroplasts between the genotypes were not observed in 2007 (Tables 7, S3), but in 
2008 genotype 12 had most and genotype 25 least chloroplasts in spongy cells 
(Tables 9, S4). Elevated O3 reduced the number of chloroplasts in spongy cells in 
genotype 15 and increased it in genotype 25 (Tables 9, S4). Elevated temperature 
increased the size of chloroplasts in palisade cells in genotype 12 and decreased it in 
other genotypes (Tables 9, S4).  
 
Closer study of the chloroplasts showed that in 2007 elevated temperature reduced 
the amount of starch in palisade cells in genotype 12 and slightly increased it in 
genotype 14 (Tables 7, S3). In contrast, O3 elevation slightly increased the amount of 
starch in palisade cells in genotype 12 and notably decreased it in genotype 14 
(Tables 7, S3). Elevated temperature increased the diameter of plastoglobuli in 
palisade and spongy cells by 36%–52% in 2007 and 2008 (Tables 6–9, Fig. 4). In 
2008, elevated O3 reduced the amount of plastoglobuli in spongy cells by 51%, the 
number of plastoglobuli being generally highest in genotype 15 and lowest in 
genotype 25 (Tables 8, 9, S4).  
 
In 2007, warming treatment decreased the proportion of vacuole in palisade and 
spongy cells by 18%–30% (Tables 6, 7). In 2008, elevated temperature and O3 
increased the proportion of vacuole in spongy cells as a single treatment but not as a 
combined treatment (Tables 8, 9). In 2008, genotype 15 had the largest and genotype 
25 the smallest vacuoles in palisade and spongy cells (Tables 9, S4). In 2007, O3 
elevation increased the number of mitochondria in palisade cells at ambient 
temperature only (Tables 6, 7), but in 2008 no treatment effects on mitochondria 
(range 2.3–6.3 mitochondria 100 µm-2 cytoplasm) were observed (data not shown). 
Peroxisomes had a range of 0.8–6.7 peroxisomes 100 µm-2 cytoplasm, but no 
treatment or genotype effects were detected in 2007 or 2008 (data not shown). 
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Discussion 
 
In this two-year open-air exposure experiment, a 0.8–1.0 °C elevation in canopy 
level ambient temperature caused clear alterations in leaf structural characteristics of 
silver birch. This finding, together with other results obtained in this open-field 
experiment, e.g. temperature-caused increase in VOC emission, gas exchange and 
biomass of silver birch (Hartikainen et al. 2012; Kasurinen et al. 2012) as well as the 
observed changes in leaf structure and enhanced VOC emission of European aspen 
(Hartikainen et al. 2009), confirms the notable impact of rising temperature on these 
boreal deciduous tree species. O3 responses were mainly observed during the second 
growing season, which might relate to the higher mean O3 concentration and to the 
higher cumulative O3 exposure (4.9 and 9.0 ppm h in 2007 and 2008, respectively) 
(Kasurinen et al. 2012) exceeding the critical level, 5 ppm h, set for deciduous forest 
trees (Mills et al. 2010). Several changes observed in leaf structure under a single 
treatment of elevated temperature or O3 were no longer detected at the combined 
treatment. 
  
Most of the alterations in leaf structure along the study period supposedly reflected 
changes in the developmental stages of the saplings and leaves, and were apparently 
affected by environmental factors, such as variation in temperature, light and 
humidity conditions. In July 2008, thick leaves with thick palisade and spongy layers 
as well as high proportion of intercellular space presumably ensured efficient gas 
exchange and photosynthesis levels (Hartikainen et al. 2012) in the leaves that had 
reached their full expansion recently. The changes in tissue structure observed later 
in the summer (i.e. in August 2008) can be related to the mreductions in the day 
length, light and temperature conditions (cf. Butler et al. 2002; Cookson et al. 2007). 
Furthermore, elevated temperature increased leaf size particularly in July, which 
could indicate that leaves during the most active growth period are more responsive 
to temperature elevation than leaves in the early autumn. Some genotypic responses 
to the treatments were also found to be dependent on the sampling occasion, 
therefore suggesting that in order to assess profound impacts of elevated temperature 
and O3 on leaf structure, continual measurements along the growing season are 
needed. 
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Elevated temperature reduced non-glandular trichomes, and caused formation of 
larger leaves with thinner epidermis and enlarged plastoglobuli 
 
Elevated temperature reduced the number of non-glandular trichomes (hairs) in birch 
at both leaf surfaces without affecting the leaf size in 2007. Trichomes are 
modifications of epidermal cells, and therefore trichome density may relate to 
epidermal cell and leaf size, i.e. decreased trichome density being related to 
increased cell size and distribution of trichomes to a larger leaf area. In this case, 
however, leaf size was not affected although reduced density of non-glandular 
trichomes was apparent. Reduction in the amount of non-glandular trichomes could 
indicate effort of the saplings to cool the leaf surface by enhancing transpiration 
under warmer environment with adequate water availability. However, temperature-
caused decrease in the amount of non-glandular trichomes could predispose leaves to 
heat load under sudden heat episodes as leaf hairs are suggested to protect the leaf 
from high temperatures by reducing the leaf temperature and transpiration rates 
(Gutschick 1999; Savé et al. 2000; Aronne and De Micco 2001). It is also possible 
that the reduction in the density of non-glandular trichomes relates to the absence of 
cooler night-time temperatures under continuous warming treatment. Thus, 
protection to low temperatures by leaf hairs (Prozherina et al. 2003) was not 
required. Non-glandular trichomes were observed in abundance in 2007 only, 
suggesting that in these silver birch genotypes leaf hairs occur mainly during the 
early stages of sapling development (cf. Valkama et al. 2004). In addition, stomatal 
density in birch leaves may not largely be affected by temperature at least when 
water is available (Salem-Fnayou et al. 2011), since no treatment effects were found 
in the present experiment.  
 
Formation of enlarged but thinner leaves with increasing temperatures has been 
reported in European aspen (Hartikainen et al. 2009) and in cherimoya (Annona 
cherimola Mill.) trees (Higuchi et al. 1999). In this study, enlargement of single 
leaves under warming treatment was observed only in 2008 but significant thinning 
of adaxial and abaxial epidermis in birch leaves grown at elevated temperature 
during both growing seasons was apparent. Thinner epidermis, together with reduced 
leaf hair density, may enhance transpiration under optimal water conditions, thus 
effectively cooling the leaf surface (Pérez-Estrada et al. 2000; Kerstiens 2006). In 
14 
 
general, enlarged, smooth leaves with thinner epidermis could indicate modification 
towards more mesomorphic leaf structure (Lindorf 1997; Aronne and De Micco 
2001) under warmer climate with adequate water availability. Furthermore, thinner 
epidermis and reduced amount of non-glandular trichomes might impair protection 
capacity of the saplings to environmental stresses, such as heat, drought, O3 or 
herbivores (Gutschick 1999; Borowiak et al. 2010; Javelle et al. 2011). At the 
northern latitudes, climate warming is presumably accompanied with increasing 
humidity and rainfall (Jylhä et al. 2004; IPCC 2007), and therefore development of 
thinner epidermis in birch leaves might be expected in the future climate. Thin 
epidermis may also, at least to some extent, explain enhanced VOC emissions from 
birch leaves observed at elevated temperature (Hartikainen et al. 2012) if thinner 
epidermis eases diffusion of VOCs through the epidermis (Kesselmeier and Staudt 
1999; Copolovici et al. 2012). However, temperature-caused thinning of abaxial 
epidermis in 2008 was apparent at ambient O3 only, which might indicate structural 
protective reactions under the combined treatment. 
 
Both high temperatures and O3 have been reported to increase the size and/or the 
number of plastoglobuli in chloroplasts, supposedly being related to oxidative stress 
and thylakoid degradation (Pääkkönen et al. 1997b; Günthardt-Goerg et al. 2000; 
Salem-Fnayou et al. 2011), but in this study only elevated temperature affected 
plastoglobuli by notably increasing their size. Enlarged plastoglobuli, detected under 
warming treatment in both growing seasons, may contain several lipid metabolites, 
including carotenoid precursors and degraded chloroplast components, thus 
commonly being associated with leaf senescence (Bréhélin and Kessler 2008). 
Plastoglobuli are also a reservoir for excess amount of antioxidative tocopherols and 
other plant lipids (Lichtenthaler 2007; Bréhélin and Kessler 2008), therefore 
suggesting that enlarged plastoglobuli may not solely relate to leaf senescing.  
 
Temperature-caused thickening of the palisade layer and reduced size of vacuole 
were observed in 2007. Thick palisade layer with photosynthetically active 
chloroplasts could be advantageous for photosynthesis (Smith et al. 1997; Gerosa et 
al. 2003), therefore potentially indicating acclimation to elevated temperature. 
Smaller vacuoles might disturb cell water balance in warmer growth conditions, but 
on the other hand, the efficiency of the tonoplast transporters and channels may 
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rather control the cellular homeostasis than the size of the vacuole (Barkla and 
Pantoja 1996; Marty 1999; Martinoia et al. 2007). Changes in the vacuole size can 
also relate e.g. to the storing processes of metabolites and protective compounds, 
such as tannins (Marty 1999; Gagné et al. 2006). In 2008, elevated temperature 
increased the number of chloroplasts in spongy cells, which may indicate that higher 
chloroplast density, also in the spongy cells, support efficient photosynthesis 
(Hartikainen et al. 2012) in these birch genotypes under raised temperature.  
 
Impact of O3 on leaf structure was compensated by elevated temperature 
 
The main effect of O3 on leaf structure was observed in 2008 only, which may relate 
to the higher mean and cumulative O3 exposure during the second growing season 
(Kasurinen et al. 2012). The cumulative O3 exposure (i.e. 9.0 ppm h) exceeded the 
critical level set for forest trees (i.e. 5 ppm h) (Mills et al. 2010), which supposedly 
may explain the observed results to some extent. In 2008, O3 reduced leaf size, 
increased the thickness of palisade layer and reduced the number of plastoglobuli in 
spongy cells. Increased thickness of the palisade layer has been considered as an 
acclimation of the leaf to increased stress (Bussotti et al. 1998). However, O3 
reduced photosynthesis of these birch genotypes (Hartikainen et al. 2012), therefore 
suggesting that the photosynthesis machinery may not have been sufficiently 
protected. Reduced photosynthesis can at least partly explain reduced leaf size under 
O3 elevation as less resource was available for leaf growth. Decreased amount of 
plastoglobuli in spongy cells may indicate that protective compounds were not stored 
in plastoglobuli but utilized for active defence (Bréhélin and Kessler 2008) in the 
spongy layer, where O3 entering the leaf is first confronted.  
 
Interactions between elevated O3 and temperature showed that certain changes 
induced by a single treatment were no longer observed at the combined treatment. In 
2008, both elevated O3 and temperature as a single treatment increased the number of 
chloroplasts in palisade cells and the proportion of vacuole in spongy cells. In 2007, 
O3 increased the number of mitochondria in palisade cells at ambient temperature 
only. Under O3 exposure increased number of mitochondria has been regarded as a 
possible sign of cellular defence against oxidative stress as mitochondria contain a 
number of antioxidative compounds (e.g. ascorbate and glutathione) to detoxify ROS 
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(Møller 2001; Oksanen et al. 2005). Thus, slightly elevated temperature might 
compensate the need for defence reactions against O3 as these mitochondrial 
responses were no longer observed at the combined treatment. 
 
Responses to the treatments varied between the genotypes 
 
In general, genotype 25 differed from the other genotypes in 2008 by having largest 
leaves, least glandular trichomes at the upper leaf surface, thickest palisade layer, 
largest palisade cells, most intercellular space in palisade layer, least intercellular 
space in spongy layer, lowest chloroplast density in spongy cells, least plastoglobuli 
in spongy cells, and smallest vacuoles in palisade and spongy cells. It was also a fast-
growing genotype with substantially low gas exchange rates (Hartikainen et al. 2012; 
Kasurinen et al. 2012). Thus, the leaf structural characteristics of genotype 25 
presumably were to some extent involved in effective light harvesting and high 
carbon use efficiency. Sparse amount of glandular trichomes at the upper leaf surface 
might partly explain low VOC emission rates of genotype 25 (Hartikainen et al. 
2012).  
 
Genotype 12 was substantially responsive to the warming treatment. Reduced starch 
accumulation together with enhanced plant-level photosynthesis in 2007 (Mäenpää et 
al. 2011) suggest beneficial effect of the temperature rise if assimilated carbon was 
utilized for growth as indicated e.g. by the increased stem height growth of this 
genotype (Mäenpää et al. 2011). In 2008, warming treatment reduced chloroplast 
size in genotypes other than 12 but enhanced photosynthesis of all the genotypes 
(Hartikainen et al. 2012). Thus, reduction in chloroplast size is not directly coupled 
with decreased photosynthesis. 
 
O3-caused reduction in the amount of starch in palisade cells of genotype 14 in 2007 
might indicate harmful effects of O3 on the photosynthetic apparatus. During the next 
growing season this fast-growing genotype was considered as an O3 sensitive 
genotype on the basis of its clear O3-caused reduction in stem growth (Kasurinen et 
al. 2012). In addition, our results support previous study (Prozherina et al. 2003), 
which showed that responses of leaf trichomes to certain stresses (e.g. O3 and frost) 
are dependent on the genotype. The increase in the amount of glandular trichomes in 
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genotype 14 at the upper leaf surface at the combined treatment in 2007, and at the 
lower leaf surface under O3 elevation in 2008 could indicate structural protection to 
increased stress. However, the relation between the density of glandular trichomes 
and VOCs (Hartikainen et al. 2012) potentially emitted therefrom does not seem 
straightforward.  
 
Conclusions   
 
This study shows that even a 0.8–1.0 °C elevation in ambient temperature can 
substantially affect leaf surface, inner tissue and cell structural characteristics of 
silver birch under two-year exposure. Warming treatment increased leaf size, 
reduced non-glandular trichomes at both leaf surfaces, decreased epidermis thickness 
and caused formation of enlarged plastoglobuli in chloroplasts during one or both 
growing seasons. These temperature-caused changes in leaf structure might be 
beneficial for photosynthesis and leaf function at optimal temperature and water 
conditions, but may be a risk for leaf function under drought and heat episodes. O3 
impacts on leaf structure occurred particularly during the second growing season 
with higher O3 exposure, when O3 elevation reduced leaf size and the amount of 
plastoglobuli in spongy cells, and increased the thickness of palisade layer. Certain 
O3 effects were no longer observed at the combined treatment of elevated O3 and 
temperature. Responses to O3 and rising temperature may also depend on the timing 
of the exposure during the plant and leaf development as indicated by the distinct 
changes in leaf structure along the experiment. Genotype-dependent cellular 
responses were mainly detected as divergent alterations in chloroplast density and 
structure.  
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Figures 
 
 
 
Fig. 1. a) Non-glandular (n) (simple hairs) and glandular (g) trichomes (secretory 
structures) at the lower leaf surface of silver birch (Betula pendula) genotype 14 in 
August 2007. 
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Fig. 2. Density of non-glandular trichomes (trichomes mm-2, mean ± SE, n = 4) at the 
a) upper and b) lower leaf surface of silver birch (Betula pendula) genotypes (GT) 12 
and 14 in 2007. Statistically significant results (P < 0.05) are shown in the figure. T 
= temperature treatment. 
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Fig. 3. Density of glandular trichomes (trichomes mm-2, mean ± SE, n = 4) of the 
studied silver birch (Betula pendula) genotypes (GT) at the a) upper and b) lower 
leaf surface in 2007, and at the c) upper and d) lower leaf surface in 2008. 
Statistically significant results (P < 0.05) are shown in the figure. C = control, O3 = 
O3 elevation, T = temperature elevation, O3 + T = combined elevation of O3 and 
temperature. 
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Fig. 4. Plastoglobuli (pg) in chloroplasts of palisade cells of silver birch (Betula 
pendula) genotype 12 under a) ambient and b) elevated temperature in August 2007. 
Plastoglobuli appeared enlarged at elevated temperature. 
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Table 1. Monthly mean, minimum and maximum values [mean (daily min., max.)] 
for O3 concentrations (14 h d
-1) and temperatures (T) (24 h d-1) calculated from daily 
mean values in ambient/elevated O3 and ambient/elevated temperature treatments 
between June and August, 2007 and 2008. 
 
 O3 (ppb)  T (°C)  
 Ambient O3 Elevated O3  Ambient T Elevated T 
2007      
June 27.5 (15.6, 38.8) 36.7 (12.7, 56.6)  15.6 (11.7, 23.4) 16.7 (12.5, 23.9) 
July 23.7 (11.3, 32.1) 28.7 (7.3, 49.9)  17.5 (14.1, 21.0) 18.6 (15.0, 22.4) 
August 26.2 (16.0, 37.6) 32.3 (13.3, 45.3)  17.1 (8.9, 22.3) 18.0 (9.6, 22.9) 
2008      
June 28.8 (12.4, 46.8) 41.5 (12.3, 75.2)  14.3 (7.8, 18.2) 15.3 (8.4, 19.5) 
July 20.5 (13.3, 29.6) 27.2 (14.3, 47.7)  16.3 (10.0, 20.5) 17.3 (10.9, 21.5) 
August 17.5 (7.8, 29.9) 23.1 (9.4, 43.6)  14.0 (9.4, 17.3) 14.7 (10.3, 17.8) 
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Table 2. Average responses of the silver birch (Betula pendula) genotypes (GT 12 
and GT 14) in leaf size and inner tissue structural characteristics (mean ± SE, n = 8) 
to the O3 and temperature (T) treatments after one growing season (August 2007).  
 
 August 2007 
 Ambient O3  Elevated O3 
 Ambient T Elevated T  Ambient T Elevated T 
Leaf size (cm2) 50.3 ± 1.5 49.0 ± 2.9  50.5 ± 2.5 55.3 ± 2.5 
Leaf thickness (µm) 151.6 ± 2.4 148.7 ± 1.7  151.4 ± 1.6 152.4 ± 2.9 
Adaxial epidermis thickness (µm) 20.0 ± 0.5 18.3 ± 0.4  20.1 ± 0.5 18.6 ± 0.3 
Abaxial epidermis thickness (µm) 13.5 ± 0.3 12.0 ± 0.2  12.5 ± 0.4 11.9 ± 0.3 
Palisade thickness (µm) 39.8 ± 1.3 43.6 ± 1.5  39.3 ± 1.3 43.6 ± 1.5 
Spongy thickness (µm) 83.8 ± 2.2 80.3 ± 1.5  83.9 ± 1.2 83.0 ± 1.8 
Palisade cell area (µm2) 249.0 ± 10.4 268.9 ± 8.9  261.7 ± 11.4 264.8 ± 11.8 
Intercellular space of palisade layer (%) 7.5 ± 0.6 5.9 ± 0.4  7.1 ± 0.4 6.9 ± 0.5 
Intercellular space of spongy layer (%) 62.4 ± 1.5 65.8 ± 1.8  68.2 ± 1.5 65.8 ± 1.4 
 
 
Table 3. Linear mixed model test results (P values) for the main effects and 
interactions of O3, temperature (T) and genotype (GT) on leaf size and inner tissue 
structure of silver birch (Betula pendula) genotypes 12 and 14 exposed to 
ambient/elevated O3 and ambient/elevated temperature for one growing season. Data 
were collected in August 2007*. 
 
August 2007 O3 T GT T x GT 
Leaf size 0.372 0.439 0.161 0.957 
Leaf thickness 0.616 0.621 0.897 0.958 
Adaxial (upper) epidermis thickness 0.646 0.001 0.216 0.237 
Abaxial (lower) epidermis thickness 0.237 0.002 0.245 0.735 
Palisade layer thickness 0.926 0.001 0.658 0.050 
Spongy layer thickness 0.400 0.201 0.432 0.519 
Palisade cell area 0.758 0.284 0.519 0.739 
Intercellular space of palisade layer 0.614 0.083 0.766 0.370 
Intercellular space of spongy layer 0.075 0.740 0.260 0.787 
*Only significant interactions are shown in the table. Significant P values are emboldened.
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T
able 6. A
verage responses of the silver birch (B
etula pendula) genotypes (G
T
 12 and G
T
 14) in cell structural characteristics (m
ean ±
 
S
E
, n =
 8) of palisade and spongy cells to the O
3  and tem
perature (T
) treatm
ents after one grow
ing season (A
ugust 2007).  
 
 
Palisade, A
ugust 2007 
 
Spongy, A
ugust 2007 
 
A
m
bient O
3  
 
E
levated O
3  
 
A
m
bient O
3  
 
E
levated O
3  
 
A
m
bient T
 
E
levated T
 
 
A
m
bient T
 
E
levated T
 
 
A
m
bient T
 
E
levated T
 
 
A
m
bient T
 
E
levated T
 
C
hloroplasts/100 µm
2 cytoplasm
 
6.9 ± 0.3 
6.4 ± 0.4 
 
7.5 ± 0.6 
6.4 ± 0.5 
 
9.7 ± 1.0 
9.1 ± 0.7 
 
8.1 ± 0.9 
7.3 ± 0.6 
C
hloroplast size (µm
2) 
9.3 ± 1.4 
10.1 ± 0.9 
 
7.9 ± 0.7 
8.4 ± 0.8 
 
7.2 ± 0.7 
8.3 ± 0.5 
 
7.4 ± 1.0 
7.2 ± 0.6 
Starch/chloroplast (%
) 
29.0 ± 5.7 
23.9 ± 4.4 
 
24.3 ± 4.8 
21.5 ± 2.3 
 
24.7 ± 6.7 
20.4 ± 4.5 
 
32.6 ± 5.3 
24.6 ± 5.3 
Plastoglobuli/µm
2 strom
a 
1.2 ± 0.2 
1.1 ± 0.2 
 
1.4 ± 0.2 
1.1 ± 0.2 
 
1.4 ± 0.2 
1.0 ± 0.2 
 
1.4 ± 0.3 
1.2 ± 0.2 
Plastoglobule diam
eter (µm
) 
0.19 ± 0.01 
0.29 ± 0.04 
 
0.17 ± 0.02 
0.23 ± 0.02 
 
0.18 ± 0.01 
0.26 ± 0.04 
 
0.15 ± 0.03 
0.19 ± 0.01 
V
acuole/cell (%
) 
27.0 ± 4.2 
22.6 ± 2.8 
 
33.6 ± 4.4 
21.2 ± 2.6 
 
48.7 ± 6.4 
40.8 ± 4.6 
 
46.0 ± 5.8 
25.1 ± 4.9 
M
itochondria/100 µm
2 cytoplasm
 
3.6 ± 0.6 
4.2 ± 0.7 
 
7.2 ± 1.1 
2.6 ± 0.4 
 
8.0 ± 1.4 
6.3 ± 1.1 
 
6.6 ± 1.4 
3.8 ± 1.3 
 
T
able 7. L
inear m
ixed m
odel test results (P
 values) for the m
ain effects and interactions of O
3 , tem
perature (T
) and genotype (G
T
) on 
cell 
structural 
characteristics 
in 
palisade 
and 
spongy 
cells 
of 
silver 
birch 
(B
etula 
pendula) 
genotypes 
12 
and 
14 
exposed 
to 
am
bient/elevated O
3  and am
bient/elevated tem
perature for one grow
ing season. D
ata w
ere collected in A
ugust 2007*. 
 
Palisade, A
ugust 2007 
O
3 
T
 
G
T
 
O
3  x T
 
O
3  x G
T
 
T
 x G
T
 
C
hloroplasts/100 µm
2 cytoplasm
 
0.671 
0.099 
0.505 
0.435 
0.941 
0.510 
C
hloroplast size (µm
2) 
0.158 
0.428 
0.364 
0.826 
0.711 
0.739 
Starch/chloroplast (%
) 
0.591 
0.231 
0.151 
0.720 
0.037 
0.030 
Plastoglobuli/µm
2 strom
a 
0.759 
0.387 
0.391 
0.674 
0.215 
0.977 
Plastoglobule diam
eter (µm
) 
0.218 
0.006 
0.384 
0.624 
0.646 
0.835 
V
acuole/cell (%
) 
0.488 
0.032 
0.223 
0.292 
0.913 
0.877 
M
itochondria/100 µm
2 cytoplasm
 
0.465 
0.041 
0.244 
0.007 
0.985 
0.971 
Spongy, A
ugust 2007 
O
3 
T
 
G
T
 
O
3  x T
 
O
3  x G
T
 
T
 x G
T
 
C
hloroplasts/100 µm
2 cytoplasm
 
0.107 
0.541 
0.568 
0.868 
0.961 
0.706 
C
hloroplast size (µm
2) 
0.508 
0.595 
0.973 
0.390 
0.341 
0.945 
Starch/chloroplast (%
) 
0.399 
0.248 
0.805 
0.720 
0.658 
0.649 
Plastoglobuli/µm
2 strom
a 
0.676 
0.166 
0.223 
0.517 
0.900 
0.904 
Plastoglobule diam
eter (µm
) 
0.115 
0.024 
0.708 
0.570 
0.920 
0.212 
V
acuole/cell (%
) 
0.113 
0.017 
0.355 
0.260 
0.885 
0.469 
M
itochondria/100 µm
2 cytoplasm
 
0.114 
0.076 
0.394 
0.638 
0.427 
0.100 
                                   *O
nly significant interactions are show
n in the table. Significant P
 values are em
boldened. 
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6 General discussion  
Main findings of the experiments included in the thesis are summarized in Table 3. 
Generally, the impact of slightly elevated temperature on leaf structure and VOC 
emission was more apparent compared to O3 exposure. 
  
Table 3. Main findings of the experiments reported in the original publications of the thesis. 
 
Chapter 2  Gas exchange of younger crop seedlings was more detrimentally affected by O3 
compared to older seedlings. 
 O3 reduced sesquiterpene and GLV emission. 
 One oat cultivar had lower amount of visible leaf injuries compared to other 
cultivars. This cultivar had also generally thick leaves, low stomatal conductance 
and high monoterpene production. 
Chapter 3  Slightly elevated temperature increased monoterpene and GLV emission from 
aspen.  
 Slightly elevated temperature increased leaf size and reduced the thickness of 
the leaves and tissues. 
 One aspen genotype, generally emitting high amounts of monoterpenes, 
maintained high isoprene emission under warming treatment, while in the other 
aspen genotype elevated temperature decreased isoprene emission.  
Chapter 4  Slightly elevated temperature increased mono-, homo- and sesquiterpene and 
GLV emission from silver birch. 
 Elevated O3 reduced GLV emission. 
 Elevated temperature enhanced photosynthesis and decreased stomatal 
conductance. 
 Elevated O3 reduced photosynthesis. 
 The snapshot determination of expression of VOC synthesis related genes (DXS, 
DXR, IPP isomerase) showed that elevated temperature reduced and O3 
increased the expression of the genes.  
 VOC emission greatly varied along the growing season. 
Chapter 5  Elevated temperature increased leaf size, reduced non-glandular (hairs) trichome 
density, decreased epidermis thickness and increased plastoglobuli size. 
 O3 elevation reduced leaf size and increased the palisade layer thickness and the 
amount mitochondria. 
 
6.1 EFFECT OF SLIGHTLY ELEVATED TEMPERATURE ON LEAF STRUCTURAL 
CHARACTERISTICS  
In the open-air exposure experiment, an elevation of 0.8–1 °C in ambient 
temperature at the mid canopy level increased the size of single leaves of both 
European aspen and silver birch by approximately 30%. With European aspen, the 
increase in leaf size was observed at the first growing season when the experiment 
was established, while with silver birch, leaf size increased during the second 
growing season. Photosynthetic efficiency per standard leaf area was also increased 
at the warming treatment especially in silver birch. This indicates that rising 
temperature can enhance photosynthesis of the saplings by increasing the 
photosynthetic leaf area and by activating the photosynthetic processes particularly 
at the photosynthetically more active palisade layer. This will further lead to 
increased growth and biomass accumulation under warmer climate with sufficient 
water availability. 
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In European aspen, leaf enlargement occurred together with leaf thinning, 
thinner leaves resulting from thinner epidermis, and palisade and spongy layers. 
Thinner leaves may be suppressive for photosynthetic efficiency because of thinner 
photosynthetically active palisade layer (cf. Niinemets, 1999; Gerosa et al., 2003). For 
example, saplings of cherimoya trees grown at 30/25 °C (day/night) had thinner 
palisade and spongy layers, and lower chlorophyll content and leaf CO2 assimilation 
rates compared to saplings grown at 20/15 °C, which supports the view of thinner 
leaves having lower photosynthetic capacity (Higuchi et al., 1999). However, larger 
surface area of the leaves can compensate the loss in leaf thickness and result in 
enhanced photosynthesis and growth at the whole plant level (Mäenpää et al., 2011). 
A negative correlation between leaf thickness and seasonal temperature has been 
reported in hopbush (Dodonaea viscosa Jacq.) hybrid cv. 'Dana', leaves becoming 
thinner with increasing temperature under realistic temperatures (approximately 
15–30 °C) in field conditions (Shtein et al., 2011), and our results with aspen are in 
line with this. Thinner and larger leaves apparently are advantageous for the 
photosynthetic processes of the saplings under favourable environment, but under 
stressful growth conditions the situation can be the opposite, i.e. thinner leaves 
being more susceptible to abiotic and biotic stresses, such as heat, drought, O3 or 
herbivores (Abrams et al., 1994; Pääkkönen et al., 1997b; Gutschick, 1999).  
Apparent thinning of adaxial (upper) and abaxial (lower) epidermis under 
elevated temperature was observed in European aspen and silver birch leaves. 
Thinner epidermis, together with increased leaf size and reduced leaf hair density, 
as observed with silver birch, may enhance transpiration under optimal water 
conditions, thus effectively cooling the leaf surface and keeping the leaf temperature 
optimal (Gutschick, 1999; Pérez-Estrada et al., 2000; Kerstiens, 2006). Enlarged, 
smooth leaves with thinner epidermis could refer to modification of the leaves 
towards more mesomorphic structure (Lindorf, 1997; Aronne & De Micco, 2001) 
adapted to warmer climate with adequate water availability. However, thinner 
epidermis might impair protection capacity of the saplings to sudden 
environmental stresses, such as O3, heat and drought episodes (Gutschick, 1999; 
Borowiak et al., 2010; Javelle et al., 2011). At the northern latitudes, climate warming 
is presumably accompanied with increasing precipitation (Jylhä et al., 2009; IPCC, 
2007), and thus development of thinner epidermis in leaves of these deciduous tree 
species could be expected in the future climate. Larger and thinner leaves with 
thinner epidermis may also facilitate the diffusion of VOCs from the leaves (cf. 
Kesselmeier & Staudt, 1999; Noe et al., 2008), thus partly explaining the increased 
VOC emissions observed in our studies at elevated temperature. 
In silver birch, the study of leaf surface structures showed that elevated 
temperature significantly reduced the number of non-glandular trichomes (leaf 
hairs) at both leaf surfaces without affecting the leaf size during the first growing 
season. In the older seedlings in the second growing season, leaf hairs were detected 
only sparsely. Leaf trichomes are modifications of epidermal cells, and therefore 
trichome density may relate to epidermal cell and leaf size, and distribution of 
trichomes to altered leaf area (Gutschick, 1999; Dalin et al., 2008). However, in our 
study the reduction in leaf hair density did not relate to changed leaf size. Reduced 
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amount of non-glandular trichomes might facilitate assimilation of light and CO2 as 
well as cool the leaf surface by accelerating transpiration under warmer and humid 
environment, thus improving the plant photosynthetic efficiency (Gutschick, 1999; 
Dalin et al., 2008). Leaf hairs are also costly to produce (Gutschick, 1999), and thus 
investment in protective hairs may have been unnecessary under favourable 
temperature and water conditions. Overall, the observed changes in leaf surface and 
inner tissue structure supposedly indicated modification of the leaf towards more 
mesomorphic leaf structure under warmer and sufficiently moist environment.  
At the cellular level, the most explicit change in mesophyll cell structure under 
the warming treatment was detected as increased size of the plastoglobuli. 
Plastoglobuli, lipoprotein particles found in chloroplasts, have been regarded as 
lipid storage structures involved in plant senescence (Bréhélin & Kessler, 2008). 
Previous studies have reported an increase in plastoglobuli size and abundance 
under abiotic and biotic stress, therefore suggesting an implication of plastoglobuli 
in plant senescence and stress responses (Ojanperä et al., 1992; Oksanen & Saleem, 
1999; Günthardt-Goerg et al., 2000; Bréhélin & Kessler, 2008). During senescence 
plastoglobuli size and number is known to increase, while thylakoid membranes 
disintegrate (Bréhélin & Kessler, 2008). In our study with birch, elevated 
temperature notably increased plastoglobuli size in the leaves sampled at the early 
August in both growing seasons. However, elevated temperature also delayed 
autumn senescence determined as leaf fall rate (Mäenpää et al., 2011). Enlarged 
plastoglobuli may contain e.g. carotenoid precursors and degraded chloroplast 
components, thus commonly being associated with leaf senescence (Bréhélin & 
Kessler, 2008). Plastoglobuli are also a reservoir for antioxidative tocopherols which 
have potential to protect the photosystems and thylakoid membranes from 
oxidative degradation and photoinhibition (Lichtenthaler, 2007; Bréhélin & Kessler, 
2008). Thus, plastoglobuli might not solely relate to plant senescing processes but 
they may also have protective or acclimative functions in leaves grown under 
slightly elevated temperature. 
6.2 EFFECT OF SLIGHTLY ELEVATED TEMPERATURE ON PLANT VOC EMISSION  
Temperature is known to strongly control isoprene emission, emission commonly 
increasing with temperature until a “falloff” temperature (Singsaas et al., 1999; 
Sharkey & Yeh, 2001; Velikova & Loreto, 2005). In our study with aspen, however, 
slightly elevated temperature tended to reduce isoprene emission from one 
genotype. In the other genotype, elevated temperature did not increase isoprene 
emission but emission remained similarly high at the ambient and warming 
treatment. The ability to maintain high isoprene emission has been shown to 
ameliorate plant O3 tolerance (Calfapietra et al., 2008), and it is tempting to suggest 
that this feature also protects plants against rising temperature due to the capacity 
of both stressors to cause oxidative stress within the leaves. Isoprene may reduce 
oxidative stress by functioning as an antioxidant or by increasing the rigidity of the 
membrane structures (Peñuelas et al., 2005; Velikova & Loreto, 2005), thus 
facilitating plant acclimation to rising temperatures. Isoprene might confer
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photosynthesis machinery by stabilizing cell membranes, including the thylakoids, 
thus preserving the chloroplast ultrastructure and functionality (Singsaas et al., 
1997; Sharkey et al., 2001; Velikova et al., 2009). Isoprene-emitting species have been 
suggested to better tolerate oxidative stress and to better adapt to higher 
temperatures due to the thermal-protective properties of isoprene (Lerdau, 2007; 
Darbah et al., 2010), but on the basis of our results, difference in ability to acclimate 
to elevated temperature between aspen (isoprene emitter) and silver birch (non/low-
emitter) cannot be directly concluded. Isoprene could best protect against short, 
repeated high-temperature episodes reversibly by changing the properties of the 
membranes or via antioxidative action (Brüggemann & Schnitzler, 2002; Peñuelas et 
al., 2005; Vickers et al., 2009), whereas involvement of other protective mechanisms 
may be required in plant acclimation to slightly raised temperature under longer-
term exposure. 
Monoterpenes may have a similar antioxidative or membrane stabilizing role as 
isoprene in plant resistance to abiotic stresses, including rising temperature (Loreto 
et al., 1998, 2004; Copolovici et al., 2005), thus apparently maintaining the ability of 
the plant to photosynthesize (Loreto et al., 1998). In our studies, slightly elevated 
temperature did not increase isoprene emission from European aspen, but 
monoterpene emission was notably enhanced both from aspen and silver birch. 
Also previous studies have reported enhanced monoterpene emissions with 
increasing temperature (Peñuelas & Llusià, 2002; Peñuelas et al., 2005; Filella et al., 
2007). This might relate to the temperature-caused release of monoterpenes from the 
storage structures, such as glandular trichomes or non-specific storages within the 
leaves (Kesselmeier & Staudt, 1999; Niinemets et al., 2004; Copolovici et al., 2012). In 
addition to release of compounds from the storage structures, temperature can 
increase the volatility of compounds or alter the cuticular permeability of glandular 
trichomes, leading to enhanced monoterpene emissions if monoterpenes are stored 
in glandular trichomes in silver birch leaves (Biswas et al., 2009; Copolovici et al., 
2012). Elevated temperature enhanced photosynthesis, which potentially allowed 
recently fixed carbon for monoterpene production. Thus, increased emissions could 
also relate to increased synthesis of compounds or activation of genes and enzymes 
responsible for the VOC production (Niinemets et al., 2010; Copolovici et al., 2012). 
Monoterpene emission may not largely be regulated by stomatal conductance 
(Niinemets et al., 2004; Velikova et al., 2009) as supported by our study with silver 
birch, where elevated temperature increased monoterpene emission and decreased 
stomatal conductance. However, stomatal closure can increase the tissue 
concentration and enhance the diffusion of compounds via routes other than along 
stomatal conductance (Niinemets et al., 2004). In our study, an inverse relation 
between VOC emission and certain genes related to the early stages of terpene 
synthesis (i.e. DXS, DXR and IPP isomerase) was detected by the snapshot 
determination, thus indicating the complexity of VOC emission regulation. 
Synthesis of monoterpenes may be more economic for the plant compared to 
isoprene production as notably lower gas-phase concentration of monoterpenes (e.g. 
α-pinene), and thus lower carbon cost, is required to achieve the equal membrane 
concentration and potential protection (Copolovici et al., 2005). Monoterpenes are 
less volatile than isoprene, and could therefore effectively function as protective 
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agents in membranes (Loreto et al., 1998). However, it is not known if the possible 
protection of monoterpenes is offered by a single compound, e.g. as suggested for α-
pinene (Copolovici et al., 2005), or if the protection is achieved by the wider 
spectrum of monoterpenes. When the temperature rise is not severe, as the case in 
our studies, monoterpene synthesis and emission could protect the leaf tissues, and 
allow the maintenance of efficient photosynthesis rates (Peñuelas et al., 2005).  
Very limited information is available about the effects of slightly elevated 
temperature on homo- or sesquiterpene emissions of deciduous trees. Our study 
clearly showed that a slight elevation in temperature can substantially increase these 
emissions from silver birch. So far, homo- and sesquiterpenes are mainly associated 
to plant signalling processes under biotic stress (Duhl et al., 2008; Tholl et al., 2011). 
Sesquiterpenes have been proposed to possess similar defensive potential as 
isoprene and monoterpenes (Holopainen & Gershenzon, 2010), but further studies 
are required to confirm this. Overall, rising temperature may increase the 
production and emission rates of mono-, homo- and sesquiterpenes by enhancing 
the synthesis, raising the vapor pressure of compounds and decreasing the 
resistance of emission pathways (Loreto et al., 1996; Peñuelas & Llusià, 2001). 
Elevated temperature substantially increased GLV emission from aspen and 
birch. GLVs originating from free fatty acids, mainly from linoleic and linolenic 
acids, are commonly released from membrane structures in response to mechanical 
tissue damage or herbivory (Holopainen, 2004; Matsui, 2006). Also other stresses, 
such as severe heat, can increase GLV emission supposedly due to cellular 
membrane damages (Heiden et al., 2003; Copolovici et al., 2012). GLV emission 
induced by high temperature (e.g. 45 °C) has been considered to indicate membrane 
denaturation (Loreto et al., 2006). Warming also changes the membrane lipid 
composition (Iba, 2002; Falcone et al., 2004), possibly releasing fatty acids for GLV 
production. High GLV emission has been related to formation of visible leaf injuries 
under wounding and O3 exposure (Heiden et al., 2003), but our results suggest that 
release of GLVs can increase under slightly elevated temperature without relation to 
observable leaf damage. However, GLVs may function as an alarm signal to induce 
responses for acclimation to warmer environment.  
On the basis of our results, rising temperature can be expected to substantially 
increase VOC emission from the studied deciduous boreal forest tree species. 
Increased VOC emissions may be involved in maintenance of photosynthetic 
machinery (Sharkey et al., 2001; Copolovici et al., 2005; Sharkey, 2005), therefore 
enabling the observed enhancement in photosynthesis and growth rates of the 
studied species. Overall, our results suggest that European aspen and silver birch 
have potential to acclimate to slightly elevated temperature. However, this might 
not be the case with all boreal tree species as similar temperature increase as in our 
studies did not notably affect total VOC emissions (consisting of terpenoids) but 
reduced stem diameter growth and photosynthesis of Norway spruce (Picea abies 
(L.) Karst.) seedlings, thus indicating that this coniferous tree species may not 
benefit from the impending temperature rise (Kivimäenpää et al., 2013). The ability 
of boreal tree species to adapt to increasing temperature seems to vary, and 
therefore, VOC emissions and photosynthetic capacities of various tree species 
under warmer climate should be examined in order to reveal the ecosystem level 
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responses to rising temperature at the boreal zone. In addition, increased VOC 
emissions can influence various ecological and atmospheric processes, such as 
plant-to-plant and plant-to-insect interactions and formation of O3 and secondary 
organic aerosols (VanReken et al., 2006; Dicke & Baldwin, 2010; Virtanen et al., 
2010). These factors may further have considerable implications in the future climate 
and ecosystems. 
6.3 OZONE EFFECT ON LEAF STRUCTURAL CHARACTERISTICS 
Substantially few O3 effects on leaf structure both under chronic exposure in the 
field experiment and that of higher level exposure in the chambers were observed. 
In the field experiment, the lower extent of O3 effects may result from the relatively 
low O3 concentrations during the growing seasons under study. Leaf buds for the 
next growing season are formed in the previous autumn, which may, to some 
extent, explain the more notable O3 effect on leaf structure during the second 
growing season, i.e. during the second year of the experiment the leaf buds were set 
at elevated O3 contrary to buds at the first growing season. 
In general, as the ecological conditions become stressful, individual leaf surface 
area usually decreases, while the palisade layer thickness increases (Bussotti et al., 
1998). This was observed also in our study with birch under O3 exposure at the 
second year, when O3 reduced leaf size and increased the thickness of the palisade 
layer. Decreased leaf size may partly be explained by reduced photosynthesis as 
fewer resources were available for leaf growth (Wittig et al., 2009). Increased 
thickness of the palisade layer has been considered as an effort of the plant to 
acclimate to increased stress (Bussotti et al., 1998). In our study, however, thicker 
palisade layer was not able to prevent decrease of photosynthesis in the birch 
saplings under O3 elevation. Thus, thicker palisade layer might not be regarded as a 
particularly effective protective mechanism at O3 exposure. With aspen, elevated O3 
increased the thickness of adaxial epidermis, supposedly as a protective mechanism 
(Bussotti et al., 2003; Reig-Armiñana et al., 2004; Javelle et al., 2011), but warming 
treatment reduced the impact of O3. 
During the first growing season, O3 increased the number of mitochondria in 
palisade cells in birch leaves at ambient temperature, while warming treatment 
removed the impact of O3. In addition, high O3 exposure increased the amount of 
mitochondria in crops. Under O3 exposure, increased number of mitochondria has 
been regarded as a possible sign of cellular defence against oxidative stress as 
mitochondria contain a number of antioxidative compounds (e.g. ascorbate and 
glutathione) to detoxify ROS (Møller, 2001; Kivimäenpää et al., 2005; Oksanen et al., 
2005; Jaleel et al., 2009). In addition to antioxidative systems, increased number of 
mitochondria may reflect activation of photorespiration (Raghavendra et al., 1998; 
Oksanen et al., 2005). Thus, higher amount of mitochondria could indicate increased 
demand for energy production and detoxification processes (Oksanen et al., 2005) 
both under higher and chronic O3 exposure with the studied crop and deciduous 
tree species. O3 elevation also tended to increase the number of chloroplasts and the 
proportion of vacuole in the mesophyll cells of birch leaves at ambient temperature
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only. Higher amount of chloroplasts could be aimed for maintaining efficient 
photosynthesis and vacuoles might be involved in storing of defensive compounds 
(cf. Wink, 1993; Anttonen & Kärenlampi, 1996; Reig-Armiñana et al., 2004), these 
changes thus suggesting defensive responses to O3. Thus, slightly elevated 
temperature may compensate O3-induced changes in leaf structure, possibly due to 
reduced demand for cellular defence. 
The most apparent change in chloroplast structure induced by high O3 exposure 
was detected as reduced amount of starch in the mesophyll cells. High O3 exposure 
significantly reduced starch accumulation in crops, especially in wheat, which 
generally invested in photosynthesis and related processes, such as synthesis of 
starch and concentrations of Rubisco, chlorophylls and carotenoids. Also lower O3 
levels can affect starch synthesis and accumulation as observed in a genotype-
dependent way in birch at the field experiment. Reduced starch accumulation may 
reflect disturbed photosynthetic processes and indicate that less carbon was 
available for growth, tissue repair and antioxidant production (Bäck et al., 1999; 
Kolb & Matyssek, 2001; Oksanen, 2003). On the other hand, starch accumulation in 
crops was more clearly affected by O3 compared to photosynthesis levels, 
particularly with older seedlings, potentially suggesting that carbon was not stored 
in chloroplasts as starch, but supposedly utilized for active defence. 
6.4 EFFECT OF OZONE ON PLANT VOC EMISSION  
Ozone did not have major impact on terpene emissions from crop or deciduous tree 
species, but GLV emission of both plant types was found to be affected by O3. High 
O3 exposure has been reported to increase GLV emission, supposedly indicating 
membrane degradation and formation of visible injuries (Heiden et al., 2003; Vitale 
et al., 2008). O3 exposure can also function as an elicitor for stress, thus inducing the 
emission of GLVs (Beauchamp et al., 2005). In our studies, however, both slight 
elevation in ambient O3 concentration as well as higher O3 exposure rather 
decreased GLV emissions from silver birch and crops. The GLV precursors are 
common components in membrane structures (Murphy, 1993; Matsui, 2006), and 
this may indicate that under O3 exposure the GLV precursors are utilized for 
different purposes, such as for strengthening the thylakoids and other membranes. 
Moderate O3 exposure may also inhibit lipoxygenase and hydroperoxide lyase 
activities that catalyze the degradation of membrane lipids and production of GLVs 
(Fares et al., 2010), thus explaining the reduced emissions. Altered GLV emissions 
may further have ecological consequences as these compounds are important 
messengers in plant–insect interactions (Holopainen, 2004).   
6.5 DIFFERENCES BETWEEN THE PLANT SPECIES AND GENOTYPES/ CULTIVARS  
Aspen, birch and wheat have been generally considered as substantially O3 sensitive 
plant species (e.g. Pääkkönen et al., 1997b; Häikiö et al., 2007; Avnery et al., 2011), 
while oat has not been intensively studied. In our studies, however, none of the 
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species was found as a particularly O3 sensitive. We suggest that O3 sensitivity 
should rather be determined on the basis of the characteristics of the 
cultivars/genotypes within species. In addition, O3 sensitivity can depend on the 
parameters selected for the study (Woo & Hinckley, 2005; Ryan et al., 2009).   
Although notable differences in O3 sensitivity were not observed, one oat cultivar 
as an exception, genotypes/cultivars may possess different strategies for coping with 
O3 stress. One oat cultivar, Fiia, showed substantially low amount of visible leaf 
injuries under higher O3 exposure. This could relate to its high monoterpene 
production and low stomatal conductance. This cultivar had also substantially thick 
leaves, which may improve its detoxification capacity. 
In the open-air exposure experiment, aspen genotype 5.2 emitted higher amounts 
of isoprene and monoterpenes compared to the other aspen genotype. It was also 
able to maintain high isoprene emission under elevated temperature. These findings 
could indicate the role of isoprene and monoterpenes in plant acclimation to rising 
temperature. With silver birch, genotype 25 generally differed from the other birch 
genotypes both in leaf structure and VOC emission. Low VOC emission rates of this 
genotype could supposedly relate to its low gas exchange rates allowing fewer 
resources for VOC synthesis. Also, lower amount of glandular trichomes at the leaf 
surface and small vacuoles in the mesophyll cells might partly explain the low VOC 
emission rates if VOCs in silver birch leaves are stored in the glandular trichomes or 
in the vacuoles as at least epidermal vacuoles are suggested as a compartment of 
secondary metabolites (Wink, 1993; Biswas et al., 2009). 
Our results suggest that elevated temperature and O3 cause relatively few 
genotype-dependent changes in leaf structural characteristics and VOC emission of 
the studied genotypes/cultivars. The indigenous properties of the 
genotypes/cultivars could, rather than the changes caused by the stressors, 
determine the potential for acclimation to changing climate.  
6.6 METHODOLOGICAL CONSIDERATIONS 
In these studies, we focused on the impacts of elevated temperature and O3 on leaf 
structure and VOC emission of the selected plant species and cultivars/genotypes. 
The experiments involved both field and chamber experiments, where diverse 
parameters were measured. The strong expertise of the research team was exploited 
to solve the research questions at issue. However, some defects in the experiments 
arose. It would have been recommended to measure certain commonly used 
sensitivity indicators (such as visible leaf injuries and gas exchange capacity) 
throughout the experiments to accurately assess the significance of leaf structure 
and VOC emission in the responses to the treatments (particularly in Chapters 3 and 
5). In the chamber experiment with crops, the plastic covers (aimed for reducing 
excess drying of the growth medium) should not be used during the early stages of 
germination in order to more precisely reveal the impact of O3 on seed germination.  
Open-air exposure experiments are still substantially rare (Karnosky et al., 2007) 
but highly important to study the effects of changing climate on plants in natural 
field environment. Some improvements in the prospective studies, however, could 
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be taken into consideration. In our field experiment, potted saplings were partially 
submerged into the soil. Planting the saplings directly into the soil of the 
experimental site could have offered more natural microclimate to the roots, which 
may have had impact on the responses of the saplings to the treatments. Climatic 
conditions (i.e. exceptionally rainy summers during the field experiments) led to 
lower elevations in O3 concentrations than were targeted (1.5x ambient O3 
concentration). Supposedly higher O3 concentrations, representing more typical O3 
levels in Finland during average summers, would have been required to obtain 
clearer O3 responses in the birch and aspen saplings. The IR-heaters were served to 
simulate warming at the plant canopy level, this method thus providing an 
alternative warming system to the growth chambers and soil-warming cables. Some 
disadvantages relate to the system, such as the IR-heaters were shown to increase 
the leaf temperature approximately 1.3 °C more than the air temperature during the 
daytime. The IR-heaters above the canopy may also warm up the leaves of the apex 
more than the leaves near the soil surface, and thus the impact of the warming 
treatment may be clearer at the shoot tip compared to lower parts of the saplings. 
However, the measurements for this thesis were conducted from the shoot tip, the 
treatment effects thus being comparable in our studies. 
Various methods are in use to measure VOC emissions from vegetation (e.g. 
Velikova & Loreto, 2005; Stewart-Jones & Poppy, 2006; Pinto et al., 2007; Faubert et 
al., 2010), which can make comparison of different studies difficult. In our studies, 
VOCs were collected with the dynamic headspace collection technique using PET 
collection bags in the field and laboratory conditions. The PET collection bag 
technique is relatively low-priced, easy and fast to use and makes collection of large 
number of samples possible. The method has been criticized as being 
semiquantitative and that results may not be used in VOC modeling studies 
(Niinemets et al., 2011). However, it enables comparison of the treatments, therefore 
being qualified for our studies. VOC emissions from crops were expressed on a dry 
weight basis, while from deciduous trees VOCs were non-destructively collected 
and calculated per average leaf area, which enabled repeated measurements along 
the experiment. Mono- and sesquiterpene emissions are affected by temperature, 
and isoprene emission also by light, and thus emissions were also calculated as 
standardized emission rates at the temperature of 30 °C (and PAR of 1000 µmol m-2 
s-1 for isoprene) using the algorithm established by Guenther et al. (1993). However, 
reliable coefficients are primarily established for terpenes, and therefore 
standardization of the emissions was not consistently conducted throughout the 
experiments. Large variation in VOC emission between the plant individuals exists, 
which can make detection of the treatment effects challenging. However, this may 
have influenced mainly less apparent responses, while clear treatment effects are 
observable as shown with elevated temperature in our studies. In our experiments, 
high number of VOC measurements did not remove the large variation in the 
emissions. Lower amount of VOC collections could have even resulted in more 
comparable environmental conditions during the collections, i.e. less collection days 
would have been required and collections could have been focused on a narrower 
period during the days. This may have reduced the variability in environmental 
  
126 
conditions as well as in plant physiological and biochemical activity during the 
sampling days and within the day.  
The methods used in microscopic sampling, sample preparation and analyses are 
widely used and detected as functional (e.g. Anttonen & Kärenlampi, 1996; 
Prozherina et al., 2003; Oksanen et al., 2005). Thus, comparison of our results to 
previous studies is possible. 
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7 Conclusions and implications 
In the open-air exposure field experiment with European aspen and silver birch, 
only a 0.8–1 °C elevation in ambient temperature induced notable changes in leaf 
structure. The most prominent changes in leaf structure under slightly elevated 
temperature appeared as larger and thinner leaves with thinner epidermis, reduced 
non-glandular trichome (leaf hairs) density and increased size of plastoglobuli in 
one or both deciduous tree species. In general, the observed changes in leaf 
structure, especially those in leaf surface and inner tissue structure, supposedly 
indicated modification of the leaf towards more mesomorphic leaf structure under 
warmer environment with sufficient water availability. 
Relatively few O3-induced changes in leaf structural characteristics were 
observed. In the field experiment, slight elevation in ambient O3 concentration 
affected leaf structure mainly during the second growing season by reducing leaf 
size and increasing the palisade layer thickness in silver birch leaves. Certain O3-
induced alterations were no longer observed when the warming treatment was 
added, therefore suggesting that rising temperature may compensate O3 impacts in 
leaf structure. In the chamber experiment with crops, higher O3 exposure (50–100 
ppb) significantly reduced the amount of starch in the chloroplasts. Both higher and 
lower O3 exposure tended to increase the number of mitochondria in the leaf 
mesophyll cells supposedly as response to increased oxidative stress.  
Most studies concerning temperature effects on plant-derived VOC emission 
have focused on impacts of relatively high temperatures. Our studies showed that 
even a 0.8–1 °C increase in ambient temperature during the growing season 
considerably enhanced emissions of mono-, homo- and sesquiterpenes as well as 
GLVs from European aspen and silver birch. Increased VOC emissions may be 
involved in plant acclimation to rising temperature as the birch and aspen saplings 
in our studies mainly benefitted from the temperature rise. Under O3 exposure, 
terpene emissions remained unaffected but both chronic and acute O3 treatment 
rather decreased GLV emission. In some plant species, VOCs are stored in glandular 
trichomes at the leaf surface, and also vacuole is a potential storage for VOCs within 
the leaf cells. We were not able to confirm the direct relation between VOC emission 
and leaf structure but our results suggest that leaf structure (e.g. thinner epidermis 
and larger leaf size) could enhance diffusion of VOCs. Overall, altered VOC 
emissions, i.e. increased emissions at increasing temperature and reduced emissions 
under O3 elevation, can have considerable implications for various ecological and 
atmospheric processes, particularly for interactions between plants and insects, and 
formation of O3 and secondary organic aerosols in the atmosphere. 
Solely VOC emissions or leaf structural characteristics may not be used as 
sensitivity indicators of plant species or genotypes/cultivars. However, together 
with other parameters (e.g. photosynthetic efficiency, antioxidant capacity) they 
may help to understand the processes beneath the plant acclimation and protection. 
In our studies, particularly one oat cultivar differed from others by showing low 
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amount of visible leaf injuries under O3 exposure. This could relate to its low 
stomatal conductance and high monoterpene production and leaf thickness, 
potentially offering protection against O3 stress. Thus, the plant defence and 
acclimation to changing climate, including rising temperature and O3 levels, are 
presumably obtained by a combination of protective mechanisms, VOCs and leaf 
structural characteristics apparently being part of these. 
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Effects of elevated temperature 
and/or ozone on leaf structural 
characteristics and volatile 
organic compound emissions 
of northern deciduous tree 
and crop species
This thesis reports the impact of slight 
and realistic elevation in ambient 
temperature and ozone concentration 
on leaf structure and volatile organic 
compound (VOC) emission of young 
deciduous trees grown in ecologically 
relevant field conditions. The effects 
of higher O3 exposure were explored 
with crops. Understanding the re-
sponses in leaf structure and VOC 
emission is necessary for assessing the 
potential of plant species and geno-
types/cultivars to acclimate to chang-
ing climate.
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